Lectures on foundation engineering by Cummings, A.E.

UNIVERSITY OF ILLINOIS 
ENGINEERING EXPERIMENT STATION 
CIRCULAR SERIES ~o. 60 
LECTURES ON FOUNDATION ENGINEERING 
GIVEN AT THE UNIVERSITY OF ILLINOIS, 
1941-1942 
BY 
A. E. CUMMINGS 
SPECIAL LECTURER IN FOUNDATION ENGINEERING 
Rep1·ints from this Circular may be made on 
the condition that the full title of the paper, 
the name of the author, and full reference 
to this Circular are given. 
PUBLISHED BY THE UNIVERSITY OF ILLINOIS 
PRICE: O~E DOLLAR 
5860- 12 .49 
UN IYEJtS l1"Y 
OF ILI.JNOIS 
·: P1u:ss:: 
.B'UH.EWORD 
This bulletin is an outgrowth of lectures given before the 
civil engineering students at the University of Illinois. 'rhese 
lectures were so well received that l\Ir. Cummings was asked 
to prepare them for publication so that they might become 
more generally aYailable. One of the most appealing fea-
tures of the lectures was the lucid explanation of complex 
problems. 
Because of his many years of experience on foundation 
design and construction with the Raymond Concrete Pile 
Company, of which he is now Director of Research , and be-
cause of his intimate knowledge of soil mechanics and its 
applications to foundation problems, his lectures as presented 
in this bulletin are of special significance. 
\V. C. IluNTING'l'ON 
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LEC'l'UHES O~ FOU~DA'l'ION EXGJXEERING 
I. IN 'l'RODUCTION 
l. 11 i!>lory 
When men began to build structures on the earth 's surface they 
soon faced the need of soh·ing foundation probl ems. These became 
more complicated as larger and larger structures were er ected. By 
the time the Roman Empire reached its peak, engineers were build-
ing Yery heayy structures. Th ey were also draining swamps, con-
structing harbor " ·o rks, and building great military roads and 
bridges. 
In the first century B.C., Vitruvius wrote his ten books on Archi-
tecture, which discuss some of the properties of various types of soils 
and rocks, describe the construction of foundations for large temples 
and other heavy structures, and treat of harbor work, going into con-
siderable detail on the construction of cofferdams and rock-fill ed cribs. 
It is clear that men knew something about foundation engineering 
centuries ago. But most of the knowledge was empirical and much 
of it passed by word of mouth from master to apprentice. In general, 
there was no science of foundations. 
·when science did begin to develop rapidly, in the seventeenth and 
eighteenth centuries, some men began to think of applying scientific 
methods to earthwork problems. The earliest recorded. tests on retain-
ing walls were mad.e in 1720 by Belidore. Other tests followed, and 
some th eoretical methods were developed. For the next 200 years 
earthwork and foundation problems " ·er e studied experimentally and 
theoreticall:c Throughout this period , however , the soil was r ega rded 
as an ideal material whose physical properties co u lcl be described in 
a few short statements. Virtnally no effort was mad.e to study the 
actual physical properties of soils themse!Yes or to develop an ade-
quate system for classifyin g them for engineering uses. Moreover , 
such tests as were made " ·ere mostly on retaining walls. 
The modern sciences of soil mechanics and foundation engineering 
originated twenty-five or thirty years ago, when engineers began to 
study soils as such and try to find out about their physical properties 
and the way in which they could be expected to behave under load . 
.Modern soil mechanics is a branch of theoretical and applied mechan-
ics. 'l'he physical properties of soils are i1westigated in the laboratory 
in th e same manner as concrete, steel, and other structural materials. 
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1'he pioneering was don e by the Swedish Geotechnical Commission, 
<ippointed in 1914 because serious structural failures involving soil 
had occurred along th e raihl·ay lines and in the harbors of Sweden. 
In 1911 one of the big· docks at Gothenberg slipped into the river. 
The failure occurred in th e soil under the clock on a curved failure 
surface, as illustrated in Fig. 1. The bottom of th e river was pushed 
up. and the clock itself moYed horizontal])· man)' feet. At the same 
tim e the Swedish State Railways were haYing difficulty with many 
embankments that had been built over sof t ground. From time to time 
these embankments failed on curved surfaces. as illustrated in Fig. 2. 
Some of the failures caused serious wrecks. The Commission's final 
report, in 1922, contains some of the earliest available data on modern 
soil testing and sampling methods, as well as a brief outline of a 
method (now usually referred to as the Swedish method ) for com-
puting stability of slopes on the basis of a curved surface of failure. 
-- ==d rAY/XY/J::t/}S?;2:V.fM/$7/l<Y#~ 
------
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Svrrcrce or Soil Failure 
FIG URE l 
~ ' ~~ ~~ SVr;;c;o; 
Soil Fer/lure 
FIGURE 2 
The next important step \\·as the publication in 1925 of Dr. Karl 
Terzaghi 's Erdbaumechanik. 1'his book contained nearly all the in-
formation then known on the physical properties of soils and the 
behavior of soils und er various loading conditions. It was the first 
systematic attempt to put the whole study of soil mechanic;; and 
foundation engineering on a scientific basis. Tt was one factor leading 
to great advances in research. Hence th e engineer today is far better 
equipped to deal with earthwork and foundation problems than were 
his predecessors of only thirty .rears ago. 
2. Preliminary Investigations 
The first step in studying a foundation problem is th e preliminary 
inwstigation . How rnn ch mon ey sl1ould be spent on this depends on 
th e size and cost of the proposed structure. For a large structure cost-
ing millions of dollars the engineer is justified in spending at least 
a few thousand dollars for a careful preliminary investigation; for 
smaller structures, a comparatively small sum . 
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'I'he investigation should always start with a study of any existing 
structures in the Yicinity of the site on which it is proposed to build. 
Three inquiries shou ld be made concerning their foundations: (a ) 
depth of foundat ion below ground level; (b ) type of foundation; 
(c) behavior of the foundation (settlement r ecords ) . 
The depth of adjacent foundations may determine the type of 
foundation chosen for the new structure. In most localities there are 
laws and building r egulations relating to the protection of adjacent 
structures when excavations are made for new structures. Under 
some laws the person who makes the excavation is r esponsible for 
protecting adjacent structures and must provide and pay for their 
proper support while the new structure is being built. In other cases 
the person who excavates must notify adjacent property owners that 
he is going to excavate and to build, but those owners are obligated 
to provide and pay for any necessary support for their structures 
while the new structure is being built. 
Because of such laws and regulations, careful consideration must 
be given to the depth of the foundations of adjacent structures as 
well as the proposed structure. Assume that the new structure is 
to be built in a locality where the builder must provide and pay for 
the support of existing adjacent structures. 'I'he new structure may 
be surrounded by structures on foundations that are just a few feet 
below the ground surface. If the new structure is to have a deep 
basement, the cost of supporting the adjacent structures while the 
deep basement is being excavated would have to be borne by the owner 
of the new building. It might exceed the economic value of the new 
basement. The owner might th en decide to build on a shallow founda-
tion rather than pay the cost of supporting the adjacent structures. 
Assume, on the other hand, that the structure is to be built in a 
locality where the owner of an existing structure pays for the support 
of his own building if a deep basement is excavated on adjacent prop-
erty. Now there may be no adjacent structures at the time the new 
one is built, and the own er of the new structure may not want a base-
ment under his new building. A shallow foundation would therefore 
seem satisfactory. But account should be taken of what might happen 
in th e future. If an adjacent property owner might some day exca-
vate a deep basement alongside the proposed structure, it might be 
advantageous to put that proposed structure on a deep founda-
tion. For such reasons it is necessary to consider the depth of 
foundation. 
Th e preliminar.\' investigation should also include a study of the 
10 
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type of fo1111dations used in n earb.'· structures and th e manner in 
\\·hieh thesc> foundations lrnve beha,·ecl. The liistory of foundation 
eo11stl'llctio11 in Cl1ieago exemplifies the nlue of suc:h investigation s. 
B efor e 1880 tl1 ere \\'ere no buildings l1ig-her than 9 stories in down-
tO\rn Chicago. T11e buildings \\·e l'e comparatinl.'· light, and stood up 
satisfactoril.'· on sl1alJo,r foundations plaeed just a few feet below 
street JeyeJ. The earliest skyscrapers (1883- 1890 ) , though onl,v 15 to 
JS stories high, were muc11 heavier. 'l'h e.'· too \\·ere built on compara-
tively s11al10\\· foundations placed not far below street level. Some 
foundations \\·ere indiYidual piers supporting the building columns 
and walls. Others were mat foundations extending over the entire 
area to be occupied by the structure. }fost of these buildings began 
to settle soon after they \\·ere built; many kept on settling for years. A 
decade of experience led to t11 e conclusion that this kind of founda-
tion was inadequate for heavier buildings. By 1900, wood piles were 
being driven to support heav.'· structures. As buildings were made 
taller and heavier it was found that wood pile foundations were insuf-
ficient, and t11e Chicago method of excavating for piers was developed 
and used. A satisfactory type of foundation for Chicago's skyscrapers 
was, then. the endpoint of an evolutionary process, each builder learn-
ing from his predecessor's mistakes. 
In the preliminary investigation it is necessary to locate and map 
all underground structures and utilities on the site of the proposed 
work - especially in the downtown sections of large cities where there 
are usually such underground utilities as \\'ater mains, gas mains, 
sewers, electric power ducts, and telephone conduits that must be pro-
tected during construction . 
.l\foreoYer . t11e preliminary im·estigation should always include soil 
exploration at the site of the proposed structure. Various methods are 
used to explore and sample soils for foundation studies. (
1
J* 
Tlie simplest method of soil exploration uses sounding rods. These 
are usually %-in. round rods cut into sections 4 or 5 ft long, the sec-
tions being threaded at t11e ends so that they can be joined together 
by couplings. A section pointed at one end is driven into the ground 
first; the next section is fastened on top of that and driven further. 
This method does not secure soil samples. True, \\'hen the rods are 
\\'ithdrawn there is soil around the edges of the couplings; but these 
small pieces of soil ca nnot be considered samples. Sounding rods are 
useful for locating rock or boulders if th ese are not too far below 
- ----
* The parenth es ized s upe rsc ript s re fer to numbe red e ntries in th e Bibliography. 
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the ground surface. But for soil exploration for foundation purposes. 
the sounding rod is not Yer.r satisfactory. 
Another kind of soil exploration uses two methods usually called 
geophysical methods.<" One is based on the electric r es istiYit,\- of the 
soil; the other, often called the seismic method , on elastic \\·ave trans-
mission. 'rhese geophysical methods are often useful for locating rock; 
but , proYiding cornparati,·ely little information about the character 
of the soi l between the ground surface and th e rock, they are in gen-
eral not suitab le for foundation studies. 
~ <:.:3=J ~-- -· I Q A ~ · ------------ - y 
(a) (b) (cJ 
Wash Pipe 
.•: ;@0%%/:' ~ 1 8 \>\i;~~ 
FIGUllE 3 
'l'he commonest met hod is by means of borings. Yarious procedures 
are used, some of them nearly worthless for foundation investigations. 
Sometimes borings are made ·with an auger quite similar to the 
augers used for drilling wood (Fig. 3a ) . The auger is started at the 
ground surface, screwed by hand a few turns into th e soil, then with-
drawn and th e soil removed from the auger threads. The process is 
repeated until the boring has been carried to the desired depth. Ordi-
narii.'·, auger borings are made without the use of casing in the bore 
hole, and it is often impossible to determine from which soil stratum 
a giwn auger sample came. Because the sides of the hole sometim es 
eaw in, the soil pi<.'.kcd up b)' the auger at th e bottom of the hole will 
12 
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be soil that has fallen from the sides of the hole at some higher eleva-
tion. If casing is used in an auger boring, the casing can be cleaned 
out with the auger, and soil samples can be obtained from below the 
bottom of the casing. In either case, however, the action of the auger 
disturbs the soil to such an extent that the auger sample furnishes 
little or no information about the character of the soil in its natural 
state. Except for superficial and very preliminary work, the auger 
boring method is not satisfactory. 
Another common type of boring is called a wash boring (Fig. 3b). 
This type requires a casing, which is usually made of 2-in. or 2112-in.-
diam pipe cut into sections about 5 ft long and threaded at both ends 
so that they can be joined by couplings. Inside the casing is a wash 
pipe usually made of 1-in. pipe cut into sections 5-10 ft long. The 
sections of wash pipe are also threaded at both ends so that they can 
be joined together with couplings. Various kinds of chopping bits are 
used on the lower end of the wash pipe, and its upper end is con-
nected to a small force pump through a water swivel and a hose. To 
start the boring a 5-ft length of casing is driven into the ground, and 
the wash pipe is placed inside. Water is forced downward in the wash 
pipe and flows out through the chopping bit at the bottom. This water 
then rises in the space between the wash pipe and the casing, and 
overflows at the surface. The boring is advanced by adding lengths 
of casing and wash pipe and continuing the process of chopping- and 
washing. Soil from the bottom of the boring is brought to the surface 
by the wash water; soil samples are obtained by catching the overflow 
water in a container and permitting the soil particles to settle out. 
The wash boring method is entirely unsatisfactory for foundation 
exploration. When it is used in clays and silts, the soil samples are 
nothing but a slurry of mud and water. They furnish practically no 
information about the condition of the soil in its natural state. In 
sands and gravels, the wash boring process brings up the fine particles 
but leaves the coarse ones in the bottom of the boring. A high velocity 
in the return wash water is necessary in order to bring even a fair-
·•• 11 sized sand particle up to the surface. 
'l'he most commonly used type of boring that is both sa~isfactory 
and relatively inexpensive is a combination of the wash boring process 
with a sampling method that produces a suitable soil sample (Fig. 3c). 
The bore hole is advanced by washing and chopping just as in the 
wash boring method. When a soil sample is to be taken, the bore hole 
is carefully cleaned out down to the bottom of t~e casing, and the 
wash pipe is pulled out. The chopping bit is r emoved from the lower 
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end of the wash pipe; a soil sampler is attached; the wash pipe is then 
put back into the casing, and a soil sample is secured by driving the 
sampler into the soil below the bottom of the casing. A suitable sam-
pling tool for this purpose can be made from a piece of 11/z-in. pipe 
about 18 in. long, threaded at both ends and then split longitudinally 
into two pieces. The upper end of the sampler is attached to the lower 
end of the wash pipe by a reducing coupling, and the lower end of 
the sampler is provided with a cutting shoe that resembles a pipe 
coupling sharpened to a chisel edge on one end. When the soil sample 
is brought to the surface, the ends of the sampler are unscrewed and 
the two halves are separated, leaving a cylindrical soil sample lying 
in one half of the split tool. 
Soil samples so obtained are disturbed to some extent, but give a 
fairly good idea of the character of the soil in its natural state and 
are much better than any samples obtainable by the auger method 
or the wash boring method. It is customary to drive the sampler with 
a standard drop weight falling a fixed distance and to keep a record 
of the number of blows per foot of penetration. Such records give a 
measure of the relative density of sand beds or the relative stiffness 
of clay beds into which the sampler is driven. 
Soil samples are sometimes taken in short sections of thin-walled 
seamless steel tubing instead of in the heavy-walled split sampling 
tool. For a given size of casing, it is possible to get a larger diameter 
sample with thin-walled tubing than with the heavy walled sampler. 
Also, the use of thin-walled tubing reduces the danger of disturbance 
due to displacement of soil by the sampler. 
Borings made in this manner with either the split sampler or thin-
walled tubing are commonly called exploratory borings. They are not 
expensive, and usually furnish all the information needed to solve an 
ordinary foundation problem. Sometimes they disclose a soil condi-
tion that requires more elaborate investigation. 
For special foundation problems, particularly those involving the 
consolidation of saturated clay beds, methods have been developed for 
sampling soils with larger devices. These sampling tools require casing 
from 6 in. to 8 in. in diameter, and the samplers take soil samples 
that are 5 in. or more in diameter. Such samples, usually called undis-
turbed samples, are required for special laboratory tests. As the cost 
of getting them and testing them is relatively high, this method of 
exploration is used only for large structures and particularly difficult 
soil conditions. 
These exploratory boring methods cannot penetrate rock or even 
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small boulders. Accordingly, a boring report for an exploratory bor-
ing should never indicate that the boring reached bedrock unless it is 
definitely known that this is so. To make sure that rock has been 
reached, and to determine the nature and thickness of the rock 
stratum, it is necessary to resort to special equipment for drilling rock. 
Jack-hammer drills such as are used in quarries or tunnels to make 
holes for blasting charges and churn drills such as are often used in 
oil-well operations are not usually satisfactory for foundation explora-
tion work. Both these methods destroy the structure of the rock, so 
that they do not produce suitable rock samples. For foundation ex-
plorations, rock drilling should be done by rotary drilling methods 
that will produce cores of rock which can be brought to the surface 
for examination. The drill bits commonly used in rotary drilling are 
either shot bits or diamond bits. In the shot bit, chilled shot is used 
as an abrasive to cut the rock. In the diamond bit, small diamonds 
are set in the face of the bit to cut the rock. These are usually artificial 
diamonds, of which several kinds are available. In a soft rock, the 
shot drill is not always satisfactory because the shot often breaks up 
the rock so that it is impossible to secure a good core in the sampler; 
a diamond bit will produce a better rock core. In hard rock, either 
kind of bit is usually satisfactory. 
Another method of soil exploration uses test pits or test caissons. 
In an open excavation the soil can be examined in an almost undis-
turbed condition, and soil samples carved out that are more nearly 
undisturbed than any samples that can be obtained in a boring. How- • 
ever, cost usually limits this method to shallow depths. On a project 
of considerable magnitude, the cost of the test pits is often justified. 
On smaller projects the less costly exploratory borings are customary. 
'l'he depth to which soil exploration should be carried demands 
careful consideration. The required depth is usually stated to be at 
least equal to the smallest horizontal dimension of the structure unless 
rock is encountered before this depth is reached. For example, if the 
proposed structure were to cover a ground area 100 by 200 ft, soil 
exploration should be carried to at least 100 ft unless rock is encoun-
tered sooner. Such exploration should be done for a heavy structure 
such as a multi-storied warehouse or a grain elevator. Those struc-
tures apply heavy loads to the soil over their entire ground areas, 
and the soil stresses due to these loads are of considerable importance 
at depths in the ground that are about equal to the horizontal dimen-
sions of the structure. For very light structures covering very large 
ground areas it is usually impractical and unnecessary to try to fulfill 
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this requirement. For example, an assembly plant for automobiles or 
airplanes might be a light steel structure one story high extending 
hundreds of feet in both horizontal directions on the ground surface. 
The average load of such a structure over its entire ground area might 
not exceed a few hundred pounds per square foot. It would not be 
necessary to drill hundreds of feet into the ground with exploratory 
borings. A considerable portion of the load of the structure would 
be transmitted to the soil by column footings and wall footings pos-
sibly 8 or 10 ft wide. The soil stresses generated in the underground 
by footings of this size would practically vanish at depths of 40 to 
50 ft. Therefore, as far as the footings were concerned, it would be 
sufficient to explore the soil to these depths. Since the proposed struc-
ture would cover such a large ground area, it would be desirable to 
carry one or two borings to a depth of 100 or 150 ft. 
One cannot establish a set of definite rules for the depths to which 
borings should be carried. Determination of the depth should take 
into account the size and weight of the structure. It is desirable to 
try to reach refusal on hard ground or rock with the first boring and 
then, from results of that boring, decide how deep to carry the others. 
In all preliminary soil investigations it is desirable to determine 
the groundwater level. Of all factors in foundation construction work, 
water causes the most trouble, especially in highly permeable soils 
such as sands and gravels where excavations below the groundwater 
table often involve serious pumping problems. It is necessary to con-
sider also the question of shifting water levels. The construction of 
deep sewers or subways will often lower the groundwater table by 
many feet. Some soils shrink considerably when water is taken out 
of them. Wood piles often decay rapidly when not continuously sub-
merged in water. Accordingly, when a structure is to be built i~ a 
locality where the groundwater table might be lowered, the foundation 
of the structure should be designed with that possibility in mind. 
Whether the preliminary investigation should include a geologic 
investigation depends largely on the magnitude of the project. Inves-
tigation by competent geologists is usually required for structures 
such as heavy dams, bridges over large rivers, and deep rock tunnels. 
For the average structure a thorough geologic investigation is rarely 
necessary, though it is always desirable to know something about the 
geologic history of the proposed site because this may have some influ-
ence on the properties of the soil. 
Another common method of preliminary investigation is the soil 
load test. Such tests are usually made on comparatively small areas, 
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either at the ground surface or at the bottom of a pit that has been 
excavated to the level at which it is proposed to construct the foun-
dation. Load is applied to the test plate in increments, and a settle-
ment reading is made at each load increment. The data so obtained 
are used to plot a load-settlement curve. 
In all soil load tests, several important facts must be kept in mind. 
One is illustrated in Fig. 4. The test plate in Fig. 4a is placed at the 
ground surface, and a load is applied to the plate. When failure oc-
curs, the soil alongside the plate heaves up as at w and the soil under 
the plate fails by shear along a curved surface such as xyz. When the 
test is made in a pit, as in Fig. 4b, the soil tries to fail in the same 
manner. However, when the curved failure surface, EB, reaches the 
elevation of the bottom of the test plate at B, all the soil above that 
w t 
T/z~ 
!:I 
(a} 
FIGURE 4 
elevation comes into action. The load test does not fail until the load 
is great enough not only to shear the soil along the curved surface, 
EB, but also to lift the block of soil ABCD and to shear it along AB. 
The result is that even if the soil at the bottom of the pit is exactly 
the same as the soil at the ground surface, the indicated bearing capac-
ity obtained in the pit test will be much greater than that of the sur-
face test because of the action of the block of soil ABCD. This block 
of soil is usually called overburden or surcharge, and the soil at the 
plane BC is said to be loaded with an overburden or surcharge load 
which is due to the weight of the earth above that plane. <3 > 
Another important fact about load tests is illustrated in Fig. 5. 
A square test plate with an area of 1 sq ft is placed on the ground 
surface, and a load of 10,000 lb is applied. The average unit pressure 
under the plate is then 10,000 lb per sq ft. It will be assumed that 
the load spreads out in the underground in the form of a truncated 
pyramid whose sides slope at an angle of 45 deg. On the horizontal 
plane, AB, which is 2 ft below the surface, the 10,000-lb load is spread 
over an area of 25 sq ft. 'fhe average unit load, which was 10,000 
17 
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lb P"' "I ft at the g<ound sudaoe, is the"fo'e '6duced to only 400 
lb P" "I ft at a a<pth of 2 ft. On the hodzontal plane, CD, which 
i• 4 ft below the ,udaoe, the 10,000-lh load i• sp'6ad ov" an .,ea of 
81 "I ft, "" that the ""age unit P"""'° on this plane is only 123 
lb P" "I ft. The high load intensity und" the test plate at the g<ound 
surface has practically vanished at a depth amounting to four times 
the width of the loaded area. 
Proposed Elev(7fion 
or Bottoms Of 
Footinqs 
P"" 10 ooo lb. p&r sq. rt. 
FIGURE 5 ABOVE; FIGURE 6 BELOW 
The significance can be understood from an example (Fig. 6) . 
Assume that the groundwater table is 8 or 10 ft below the elevation 
at which the footings of a building are to be placed. Assume further 
that the soil below the water table is a soft compressible clay, whereas 
the soil above the water table is hard and dry. A soil load test on a 
bearing area of 1 or Z sq ft is made on the hard, dry soil at the pro-
posed elevation of the bottoms of the footings. Though the test plate 
may be loaded until the unit pressure under the plate is as high as 
10,000 lb per sq ft, the unit pressures in the underground will decrease 
<apidly with the depth. At a depth of 8 o' 10 ft below the small loaded 
area, the unit pressure will practically vanish; the test load will exert 
almost no pressure on the top surface of the underlying soft clay. 
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The loads from full-sized footings or the load of an entire building 
could produce high unit stresses in the underlying compressible clay 
and thereby cause settlements of the structure. Under such conditions 
the load test on the small area can give a completely misleading answer 
as to the ability of the soil to support the structure safely. The soil 
load test alone is therefore not a satisfactory method of preliminary 
investigation. It must be accompanied by suitable borings that will 
furnish information about soil conditions deep in the ground. 
Other factors involved in the interpretation of load tests are time 
effects and area effects. 
Some soils are of such a nature that settlements do not take place 
immediately after the load is applied. There is a time lag in the set-
tlement following the loading. These time effects cannot be studied 
with load tests, because the time effects continue for years, whereas 
the load test cannot usually be permitted to stay in place for more 
than a few days. This whole question of time effects is a part of the 
theory of consolidation which is discussed in Chapter VII. 
As to area effects, it has long been known that the relationship 
between load, settlement, and size of loaded area is not a question of 
simple proportion. It is generally agreed that, under a given unit 
pressure, large loaded areas will settle more than small ones. This 
fact may be expressed in another way by the statement that, in order 
to have equal amounts of settlement on large footings and small foot-
ings, a larger unit soil pressure must be assigned to the small footing 
than to the large one. One method of taking the area effect into 
account makes use of what is known as the perimeter-area ratio. 
This method is illustrated in Fig. 7. 
A test plate of area A and perimeter P is placed on the ground 
and loaded with a pressure p per unit of area, as shown in Fig. 7a. 
'rhe total load on the test plate is then Ap. The resistance provided 
by the soil under the plate is derived from two sources : 1 ) a normal 
pressure, n, acting directly under the plate, and 2) a perimeter effect 
or shear effect, m, acting around the edge of the plate. The dimensions 
of n are force per unit of area; the dimensions of m are force per unit 
of length. The physical significance of m and n is illustrated in Fig. 
7b. The normal pressure, n, refers to the resistance provided by the 
vertical column of soil ABCD directly under the plate. The shear 
effect, m, at the edge of the plate, refers to the resistance provided by 
the soil in the region ACE due to the spreading of the load down-
ward and outward below the plate. 
'l'he total resistance provided by the soil below the plate is there-
fore the normal pressure, n, times the area of the plate plus the 
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pe<i<neto< ''"'"• "" tim" the pecimot0< of the plato. ''he ,um<na-
tion of wtioal fo<"' on the plato lead' to the following equation of 
Ap = nA + mP ( 1) equilibrium: 
This equation may be divided by A, giving 
p 
p=n+m-A 
Test f'/ate, 
Area=A \.ill tt tt + u y 
Perimefer==P 
m 
~ 
(ct} 
[ I o wmwklJF71F1r&~ 
(2) 
The ratio P / A in Equation ( 2) is called the perimeter-area ratio. 
14 
l 
Its significance is best understood from a numerical example. In the 
case of a test plate 1 ft square, P /A= 4.0, since the perimeter is 4 ft 
and the area is 1 sq ft. In the case of a footing 10 ft square, P / A = 
0.4, since the perimeter is 40 ft and the area is 100 sq ft. The per-
imeter shear, m, is therefore 10 times as effective in the case of the 
test plate as in the case of the full-sized footing. 
The practical application of this method involves making load 
tests on plates of at least two and preferably three or four different 
sizes. For each plate the P /A ratio is known, and the unit pressure, p, 
required to cause a given amount of settlement on each of the differ-
ent plates is measured in the field. A series of tests on plates of dif-
ferent sizes will give sets of values of p and P /A for a given amount 
of settlement. These values of p and P / A are used in Equation 2) to 
give "'ts of aimultaneous equation' from which uume<ical valu"' of 
m and n can be determined for the soil under consideration. Since 
Equation 2) contains only two unknowns, m and n, only two tests 
would be required to determine numerical values for the two un-
knowns. However, the usual procedure is to make a series of tests. 
20 
ILLINOIS ENGINEERING EXPERIMENT STATION 
which will provide an excessive number of simultaneous equations and 
then to compute average values of m and n as determined from sev-
eral sets of simultaneous equations. When numerical values of m and 
n have been determined in this manner for the soil under considera-
tion, these values are used to establish the allowable loading on actual 
footings of different sizes. 
This procedure is simply a method of extrapolating from the re-
sults of tests on small areas to predict the probable behavior of large 
ones. The relationship between the behavior of small loaded areas 
and large loaded areas is by no means simple, and the use of the P /A 
ratio takes into account only one of the factors involved. Other im-
portant considerations are the variation of the physical character-
istics and the elastic properties of the soil with depth. This subject, 
which was discussed in connection with Fig. 6, is one of the factors 
most frequently overlooked. 
3. Types of Foundations 
Nearly all foundations can be classified into one or another of four 
categories: (a) spread footing foundations; (b) mat or raft founda-
tions; ( c) caisson or pier foundations; ( d) pile foundations. Each 
has advantages and disadvantages. Which type should be used in a 
given set of conditions is one of the fundamental problems of founda-
tion engineering. 
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II. USES OF SPREAD FOOTINGS 
The type of foundation commonly called a spread footing founda-
tion is illustrated in Fig. 8, which shows the ground plan of a building 
120 ft long and 120 ft wide divided into 6 bays each way. It is assumed 
that a suitable soil investigation has been made and that the soil con-
ditions have been found satisfactory for a foundation consisting of 
ordinary spread footings -- small mats of masonry or reinforced con-
crete built in place on the ground at the column locations. 
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An interior building column would be supported by an isolated 
footing centered under the column as shown at A. Corner columns 
and wall columns might be supported on footings centered under the 
columns as shown at B and C. 
Footings B and C project outside the building line and extend 
onto the adjacent property. Most city building codes permit building 
foundations to project under sidewalks and alleys; the allowable 
amount of projection depends on the depth of the foundation below 
the ground surface. The owner of the new building may own the land 
outside the building line, so that the projecting footings would be 
under his own property. Footings may then be permitted to project 
beyond the building line in this manner. Sometimes the building line 
coincides with the property line, and the owner of the new building 
may not own the adjacent property; or there may even be a building 
on the adjacent property. In such cases, projection of the footings 
outside the building line might not be permitted, and combined foot-
ings would have to be designed as shown at D, E, and F. 
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Footings of this type are so designed that they will support the 
load of two or more columns. The bending moment produced by the 
eccentricity of the wall column is resisted by the reaction of the in-
terior column and the bending resistance of the footing. 'l'he actual 
design of such footings is a problem in reinforced-concrete design. 
However, a combined footing is so proportioned that the unit bearing 
pressure is the same as for the other footings and its centroid coincides 
with the line of action of the resultant of the column loads it carries. 
The principal weakness of spread footing foundations is that, as 
each footing is independent of the others, the individual footings may 
undergo differential settlements. There are several possible causes. 
For example, the bearing capacity of the ground might vary consider-
ably over relatively short horizontal distances. A careful soil inves-
tigation should make it possible to avoid differential settlements from 
this cause. 'l'he relative amounts of live and dead loads on different 
footings can also cause differential settlements. It is generally agreed 
that dead loads are the principal cause of settlement because they 
act all the time, whereas live loads are often active only for short 
periods of time. The live load in a football stadium consists of a crowd 
of people who fill the stadium for a few hours at a time, eight or ten 
times a year. Such live loads are not important with respect to foun-
dation settlement. On the other hand, the live load in a warehouse 
is the material that is piled on the floors of the warehouse. 1f the 
warehouse is to be kept loaded most of the time, such live loads are 
as important as dead loads in causing foundation settlements. 
Figure 9 is a cross-section of the building under consideration 
with an assumed set of live loads and dead loads as shown. The build-
ing is three stories high with a single basement and of reinforced 
concrete construction with brick exterior walls. The live load is to 
be figured at 50 lb per sq ft on the roof and 100 lb per sq ft on each 
of the three floors and the basement. The total live load is therefore 
450 lb per sq ft over the entire building area. The dead load is 50 lb 
per sq ft on the roof and 75 lb per sq ft on each of the three floors 
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and the basement. A concrete column from floor to ceiling is assumed 
to weigh 3000 lb. The exterior walls are 12 in. thick. Their average 
weight is assumed to be 100 lb per cu ft, allowance being made for 
openings such as doors and windows. . 
An interior footing such as A in Fig. 8 supports 400 sq ft of floor 
area. The total live load on such a footing, at 450 lb per sq ft, is 
therefore 180,000 lb. As dead load, this interior footing carries 4 col-
umns at 3,000 lb each and 400 sq ft of floors and roof at 350 lb per 
sq ft. The total dead load on the footing is therefore 152,000 lb. 
Accordingly, on a typical interior footing, the dead load is about 85 
percent of the live load. 
A wall footing such as C in Fig. 8 supports 200 sq ft of floor area. 
'l'he total live load on a wall footing is therefore 90,000 lb. The dead 
load on a wall footing due to the weight of the floors and the roof is 
70,000 lb. The wall footing also carries 4 columns at 3000 lb each 
and 800 cu ft of wall at 100 lb per cu ft. The total dead load on the 
wall footing is therefore 162,000 lb or 180 percent of the live loau. On 
a corner footing the dead load is about 280 percent of the live load. 
It is readily seen that the ratio of dead load to live load can vary 
over a wide range. This fact should be taken into account in the 
design of spread footings. In many cases the areas of the footings are 
made proportional to the dead load only, since the dead load is the 
principal cause of structural settlements. In some cases a percentage 
of the live load is included with the dead load for the purpose of deter-
mining the permanent load for finding the relative sizes of the foot-
ings. The decision how much of the live load should be included in 
the computations is usually based on the nature of the live load. 
In any event the unit bearing pressure for the dead load plus the 
total live load should not exceed the allowable bearing pressure. The 
area of the footing with the highest ratio of live load to dead load 
is determined by dividing the total dead and live load by the allow-
able bearing pressure. The unit bearing pressure for permanent loads 
only for this column is then computed. This unit pressure is used for 
determining the areas of the other footings, using only the permanent 
loads on the columns. Hence the unit pressure for permanent loads 
only is the same for all footings, and the maximum bearing pressure 
under any column footing is equal to the allowable bearing pressure. 
The procedure assumes that the settlements of all footings will be the 
same if the unit pressures for permanent loads only are the same. 
This assumption is not necessarily correct, but it is the one usually 
made and is satisfactory if there is no great difference in the sizes of 
the footings. 
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III. USES OF MAT FOUNDATIONS 
'l'he bearing capacity of the soil is sometimes insufficient to justify 
the use of spread footings. Again, the column loads of a structure 
may be so heavy that spread footings large enough to carry these 
loads would nearly touch one another. Under such conditions a mat 
foundation is often used. Various types have been developed. 
'fhe simplest type is a slab of concrete several feet thick extending 
under the entire building (Fig. 10) and designed like an inverted 
floor . The soil pressure under the mat is considered as the load; the 
building columns are the reactions. Designing such a mat is a problem 
in reinforced-concrete design rather than in foundation engineering, 
but the basis of the design involves an effort to distribute the loads 
from the columns out through the mat in such a way that the soil 
pressure under the mat will be as nearly uniform as possible. 
Another type sometimes used is illustrated in Fig. 11. A very 
heavy building with columns on wide centers might require a mat 4 
or 5 ft thick if the mat were to be designed as a flat slab (Fig. 10). 
'l'he type of mat illustrated in Fig. 11 consists of a comparatively 
thin concrete slab resting on the ground, with concrete girders run-
ning in both directions on top of the slab. The construction is that 
of an inverted T-beam, with the column centers at the intersections 
of the stems of the 'l'-beams. A mat of this kind can be made much 
stiffer than a flat slab containing the same amount of concrete, because 
of the extra strength derived from the greater depth of the T-beam 
design. 
The basement floor slab is placed at the level of the tops of the 
stems of the T-beams; between the floor slab and the mat there remain 
hollow spaces that are sometimes used for pipe trenches or other utili-
ties and sometimes filled with sand or other material. Filling with 
sand adds weight. Wherever possible it is better to leave these spaces 
empty. 
Some structures are so heavy that even a mat foundation of the 
type just illustrated is not rigid enough. 'fhen a rigid-frame sub-
structure (Fig. 12) has been used. The lower two or three floors of 
the building are designed as a rigid frame, with a flat slab mat resting 
on the ground. The rigid-frame substructure is usually designed as 
a Vierendeel truss because cross-bracing destroys the usefulness of the 
basement space. 
In all mat foundation designs, it is important to consider the posi-
tion of the center of gravity of the permanent loads with respect to 
the center of gravity of the mat. For a perfectly square or rectangular 
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building with symmetrical column loads, there is no difficulty in so 
designing that the centers of gravity of the loads and the reactions 
will coincide. But many modern buildings are of the tower type in 
which the loads under the tower are much greater than those under 
other parts of the building. Sometimes, as in Fig. 13, the tower is set 
flush with the front face of the building. A mat foundation under this 
building would be a rectangle, but the center of gravity of the column 
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loads would not coincide with that of the rectangle. Cases are on 
record in which the designer did not pay careful attention to making 
the centers of gravity of the mat and the column loads coincide. In 
one Midwestern city is a large apartment building supported on a 
T-shaped mat foundation as illustrated in Fig. 14. The center of 
gravity of the column loads was several feet from the center of gravity 
of the mat. The building has therefore so settled and tilted that there 
is a differential settlement of 9 or 10 in. between corner A and cor-
ner B . 
The design of a mat foundation is based on the same general prin-
ciples that are used for spread footing foundations with respect to 
the inclusion of dead and live load in the calculations. All of the 
dead load is included, but the question of how much of the live load 
needs to be included to establish the permanent load is determined in 
each individual case according to the nature of the live load. Tem-
porary live loads of short duration are not usually considered as con-
tributing to structural settlements. However, materials stor ed in a 
warehouse for long periods of time are as effective as dead loads in 
producing settlements; such live loads ar e therefore included in the 
calculations for center of gravity and soil bearing pressure in connec-
tion with mat foundations. 
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IV. CArssoN OR PIER FouNDA'fIONs 
4. Types 
A caisson or pier foundat_ion consists of a shaft of concrete, usually 
cylindrical but sometimes of square cross-section, placed under a build-
ing column or wall and extending down to rock or hardpan. Although 
the construction industry customarily refers to foundations of this 
kind as caisson foundations, they are actually piers. A caisson is a 
boxlike structure usually sunk in water (as for a bridge pier ) and 
forming a part of the pier after it has been filled with concrete or 
masonry. The pier is a foundation unit that can support large loads, 
and is therefore economical only in cases where the structure has large 
column loads to be supported. Under light buildings a pier founda-
tion is not usually economical, for the smallest pier that can be in-
stalled is capable of supporting far more load than can be applied to 
it by a column of a light structure. 
Excavation for piers is sometimes made in the open air at atmos-
pheric pressure, and sometimes in closed working chambers under 
compressed air, and by either hand or machine. The piers themselves 
may be of constant diameter all the way to the bottom (straight-shaft 
piers), or the lower ends may be enlarged to provide sufficient bearing 
area on materials other than rock (belled-out piers). 
5. Open Excavation 
The simplest kind of pier - the kind most commonly used in build-
ing construction - is the straight-shaft pier installed in the open air 
by hand excavation. 
The first step in construction is to locate the center line of the 
pier and to dig a shallow pit called a starting pit. The principal 
equipment required is a t ripod to hoist excavated material out of the 
hole, some sort of hoisting apparatus, and pumping equipment. The 
minimum size of pier that is commonly used is about 4 ft in diameter 
because a man cannot work in a hole of much smaller diameter. A 
linin~ of some kind must usually be provided as excavation proceeds; 
its nature is usually determined by the soil conditions. Sometimes the 
excavation is lined with steel cylinders that are made of 1,4-in. plate 
and are about 7 or 8 ft long. 
After the starting pit has been excavated the first cylinder is 
placed in the pit. The upper end of the cylinder is allowed to extend 
about a foot above the ground surface, so that drainage water or rain 
water will not flow into the excavation from the surrounding area. 
After the first cylinder has been placed and cleaned out, inside it is 
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FIGURE 15 
set a second cylinder ordinarily about 2 in. smaller in diameter. Exca-
vation is carried on below the bottom of the second cylinder, and the 
cylinder itself is driven down or pushed down as excavation proceeds. 
The upper end of the second cylinder is allowed to lap the lower end 
of the first by several inches, as it is often necessary to caulk the space 
between the two cylinders to prevent the entrance of groundwater. 
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As can be seen from Fig. 15, the shaft of the pier consists of a 
series of concrete cylinders, each several inches smaller in diameter 
than the one next above it. 'l'he design of such a pier is based on the 
diameter of the lowest cylinder; the cylinders above the bottom one 
are therefore of larger diameter than would be required to support 
the column load at the allowable working stress in the concrete. This 
method involves the waste of a certain amount of concrete due to the 
method of construction of a pier of this type. On a very ~eep pier 
this construction would invoke the waste of a considerable amount 
of concrete. As the steel cylinders are usually about 8 ft loug, 12 
of them would be required for a pier 90 ft deep, with allowance for 
laps. If the decrease in diameter amounted to 2 in. per cylinder, and 
if the bottom cylinder were of the correct size to support the column 
load at the allowable design stress in the concrete, the top cylinder 
would be 24 in. larger in diameter than was necessary. 
Excavation for piers with steel cylinders of this design has one 
advantage over the use of other types of lining. Often the soil con-
ditions include comparatively thin strata of water-bearing sands; the 
water flowing from these sands would flood the excavation if it were 
being dug in the open without some sort of lining to seal the side 
walls. Where such sand strata are encountered, it is possible to drive 
the steel cylinder through the sand stratum and to cut off the inflow 
of water. 
Another type of open pier excavation using a different system of 
lining is often referred to as the Chicago method. The construction 
of this type begins with the digging of a starting pit; but instead of 
steel cylinders the inside of the excavation is lined with wooden lag-
ging. 'l'he lagging is made of 2" X 6" or 3" X 6" boards which are 
usually beveled on their edges so that they will fit tightly around the 
circular excavation. It is customary to excavate 4 or 5 ft without 
lining and then to install a series of these beveled boards around the 
inside of the excavation like the staves of a barrel. To brace the 
boards and hold them tightly in place against the soil, steel rings are 
used which are made in half circles and provided with spreader bolts 
with which the rings are expanded against the inside of the wooden 
lagging. The usual procedure is to excavate 4 or 5 ft at a time and 
then to place a set of rings and lagging. The process is repeated until 
bottom is reached. Ordinarily two steel rings are used for each set 
of lagging 4 or 5 ft in length. 
The pier is usually of constant diameter from top to bottom. The 
excavation includes undercutting below the bottom of the lagging by 
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an amount equal to the thickness of the lagging, so that each set of 
lagging is directly below the one next above it. However, a stratum 
of water-bearing sand can cause considerably more difficulty in the 
Chicago method than it would in an excavation lined with steel cylin-
ders. If the water-bearing sand stratum is very thin, so that exca-
vation can be carried through it quickly and the rings and lagging 
can be set in place promptly, the inflow of water can usually be suf-
ficiently controlled by pumping or bailing. However, if the water-
bearing sand stratum is several feet thick, the inflow of water cannot 
always be controlled by pumping. It is then necessary to step in with 
FIGURE 16 
the lagging and to drive a set of lagging down through the sand 
stratum. This process means a r eduction in the diameter of the exca-
vation - a reduction that might be considerable if such a thing hap-
pens several times on a deep excavation. It might even be necessary 
to begin the whole operation over by starting from the ground surface 
with an excavation of considerably larger diameter. <5 J 
In another type of pier excavation the lining is a precast concrete 
cylinder (Fig. 16 ), usually made .with walls about 6 in. thick and 
having a cutting edge at the bottom. Sometimes it is forced down by 
dead load applied at the top, sometimes it is driven with a heavy 
hammer, and sometimes dredging is done on the inside with a small 
clamshell or orange-peel bucket. The starting cylinder is usually 5 
or 6 ft long. After this has been forced into the ground, additional 
5- or 6-ft sections are added. This type of excavation is sometimes 
more expensive than the use of steel or wooden lining but has advan-
tages that offset its extra cost. If a water-bearing sand stratum is 
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encountered while the excavation is being made, the cylinder can 
usually be driven through the sand stratum and the inflow of water 
cut off. 
Ordinarily there is a projection on the outside at the bottom of the 
shaft, so that the wall of the bottom section is a little thicker than 
the wall of the upper part of the shaft. 'l'he purpose of the projection 
is to reduce the amount of friction developed on the outside of the 
shaft as it is forced into the ground. If the shaft had the same out-
side diameter throughout its length, the total friction on the outside 
of the shaft would increase rapidly as depth increased. With the 
enlarged base the friction developed on the outside is reduced because 
the enlarged base usually leaves a small opening between the outside 
wall of the shaft and the surrounding soil. 'l'his annular ring on the 
outside of the shaft is usually filled with sand or other loose material 
as the shaft is sunk into the ground. 
Another advantage of this type of pier excavation is that it can 
be more easily adapted to compressed air work than either the steel 
cylinder lining or the lining of steel rings and wooden lagging. When 
soil conditions necessitate the use of compressed air, an air lock must 
be placed somewhere in the shaft or at the top of the shaft. If the 
lining consists of steel cylinders or wooden lagging, it is difficult to 
set an air lock satisfactorily, but this can easily be done with the 
precast concrete cylinder method. This type of pier excavation is 
sometimes called the drop-shaft method. 
In some cases special methods are developed for the purpose of 
overcoming a particular soil condition. One such method was devel-
oped for a job where the soil consisted of about 30 ft of fine sand 
overlying soft blue clay which extended to rock. <6 > The water table 
was about 5 ft below the ground surface, so that there were about 25 
ft of saturated sand through which it was necessary to excavate. When 
water is pumped out of an open excavation which is passing through 
a water-bearing stratum, the hydrostatic head is unbalanced by the 
pumping operation and the unbalanced head is equal to the difference 
in level between the ground water outside the excavation and the level 
at which excavation is being carried on inside the shaft. The water 
flows in at the bottom of the excavation and produces a quicksand 
condition even in coarse sands. Since it is difficult to excavate through 
25 ft of saturated fine sand in an open excavation, a special procedure 
was developed which involved the use of steel cylinders about 35 ft 
long that could r each from the ground surface through the saturated 
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sand and into the underlying clay. These cylinders were about 5 ft 
in diameter and were equipped on the inside with a ·series of water 
jets fastened to the inside surface of the cylinder. The cylinder 
equipped with these water jets was hoisted with a crane and set down 
on the ground surface in a vertical position. A heavy weight was 
placed on top of the cylinder and water was pumped into the jets. 
This jetting loosened the sand and the heavy weight forced the steel 
cylinder down through the sand and into the clay. When the cylinder 
had been forced into the clay far enough so that sand and water could 
not flow in at the bottom, the jetting was stopped and the steel cylin-
der was pumped out. The excavation then proceeded by hand through 
the soft clay and the hardpan to rock with wooden lagging and steel 
rings as lining in the clay. 
(c) I? 
FIGURE 17 
Figure 17 a represents a straight-shaft pier founded on rock. When 
soil conditions permit and the rock is not too deep below the ground 
surface, this is the type commonly used. It is usually of concrete. 
The working stress in the concrete would be on the order of 600 to 
800 p. s. i., or about 43 to 58 t per sq ft. 'l'he allowable pressure on 
rock varies in different localities and is usually regulated by the city 
building code. However, the allowable load on hard solid rock would 
usually be as great as any load that could be applied to the rock 
through the concrete shaft of the pier. 
Sometimes the rock is overlain with hardpan or some other good 
bearing material (Fig. 17b). Instead of excavating for a straight 
shaft pier through the hardpan all the way to the rock, the excavation 
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is sometimes stopped on the hardpan and belled out. The decision 
whether to use a pier belled out on hardpan or whether to excavate 
a straight shaft to rock depends largely on soil conditions. 
The first question is the relative cost of excavating a large bell in 
soft soil overlying the hardpan and of excavating the straight shaft 
down through the hardpan to rock. Ordinarily the sides of the bell 
are cut at a slope of 60 deg with the horizontal and the bottom of the 
bell has a vertical side for a depth that varies from 6 to 12 in. The 
usual load allowance on hardpan is much smaller than that on solid 
rock, so that the area of the bottom of the bell has to be much greater 
than the cross-sectional area of the shaft. 
It is readily seen that a considerable amount of excavation and 
concrete is required for such a bell. So it is usually a question of eco-
nomics: is it cheaper to excavate a large bell and use the relatively 
low bearing capacity of the hardpan, or to dig through the hardpan 
with a straight shaft and use the high bearing capacity of the rock 1 
Ordinarily the answer depends on the thickness of the hardpan over-
lying the rock. If the hardpan stratum is not very thick, say 8 or 10 
ft, the excavation of a constant-diameter shaft through the hardpan 
to rock would probably be cheaper than to excavate a 12-ft-diam bell 
on top of the hardpan. If 50 or 60 ft of hardpan overlie the rock, 
it would almost certainly be cheaper to stop on top of the hardpan 
and bell out. 
Some building codes require that the weight of the pier itself be 
included in the determination of the required bell diameter. In other 
words, the column load and the weight of the pier are added together, 
the weight of the excavated earth is deducted, and the result is divided 
by the allowable soil pressure in order to determine the area of the 
bell. When the pier is very long, a requirement of this kind adds 
materially to the required bell diameter. 
Sometimes a soil condition is encountered of the kind illustrated 
in Fig. 17c. The rock is overlain with a stratum of hardpan but the 
hardpan itself is overlain with a stratum of sand. In order to bell 
out on top of the hardpan, it would be necessary to construct the bell 
in the sand stratum. However, it is usually difficult and sometimes 
impossible to undercut the sand so as to form the sloping sides of the 
bell. The sand will tend to collapse into the excavation, and bracing 
under such conditions is difficult and expensive. With soil conditions 
of this kind it is usually necessary to excavate the shaft through the 
sand to the hardpan and then to dig the bell in the hardpan itself. 
The sand stratum is sealed off by carrying the lining of the shaft into 
the hardpan; then the entire bell is excavated in the hardpan. 
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Under the soil conditions illustrated in Fig 17c the pier could be 
founded on rock, or it could be belled out in the hardpan just as in 
Fig. l 7b. The decision would be based on the same considerations as 
before. If there were only 8 or 10 ft of hardpan it would probably 
be cheaper to excavate straight shaft to rock. If there were 50 ft, a 
belled pier would probably be cheaper. 
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6. Pneumatic Caissons 
FIGURE 18 
In general, the same types of caissons are used with compressed 
air as are used in the open pier method. Compressed air caissons are 
sometimes straight-shaft caissons and sometimes belled caissons. Com-
pressed air work is usually quite expensive and its use is ordinarily 
avoided unless it becomes absolutely necessary because of soil condi-
tions on the job. Figure 18 illustrates a soil condition in which it 
would probably be necessary to resort to compressed air in order to 
excavate to rock. The top soil is fill overlying a bed of clay. Below 
the clay is a bed of sand underlain by sand, gravel, and boulders 
extending down to rock. The natural groundwater table is in the fill 
not far below the ground surface. In the ground around the caisson 
the hydrostatic pressure increases with the depth; the purpose of the 
compressed air is to balance the hydrostatic head and keep the water 
from entering the caisson. In other words, the required air pressure 
depends on the depth below the water table at which the work is being 
done. Soft plastic clays can squeeze into an excavation even though 
the excavation may be carried out under compressed air, because of 
the difference between the weight of saturated clay and that of water. 
The compressed air compensates for the weight of the water only. 
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The maximum air pressure that can be used in such work is about 
45 or 50 p.s.i., which corresponds to somewhere between 100 and 120 
ft of hydrostatic head. At greater depths higher air pressures would 
be required, but it is practically impossible for men to work under 
pressures greater than 45 or 50 p. s. i. In most localities the working 
rules of the unions as well as the regulations of health departments 
determine the length of time a man may work under a given air pres-
sure. Under the higher pressures the working period is often cut to 
as little as one hour at a time. 
In order to install a compressed air caisson, it is necessary to use 
an air lock. Sometimes the air lock is fastened to the top of the caisson 
above the ground surface ; sometimes it is set in the shaft of the cais-
son. Essentially the air lock consists of two air-tight trap doors (Fig. 
18) . Its purpose is to permit men and materials to go in and out of 
the caisson without releasing the air pressure. Assume that the air 
pressure in the caisson is 25 p. s. i. and that the lower trap door is 
closed. A man enters the air lock through the upper trap door, and 
the air pressure in the air lock is atmospheric pressure. He closes and 
seals the upper door and then opens a valve in the lower door, allow-
ing the compressed air from the caisson to enter the lock slowly. When 
the air pressure in the lock is equal to that in the caisson, he opens 
the lower trap door and goes down into the caisson. When men are 
coming out of the caisson, the air lock procedure is reversed. 
The decompression process is much more important than the com-
pression process. Men working under compressed air are subject to 
" the bends" if they come out of compressed air into the open air too 
quickly. This disease is due to little air bubbles in the blood st ream 
which are compressed while the man is in the compressed air but which 
cause trouble if they are allowed to expand rapidly by a sudden reduc-
tion of air pressure. Accordingly, in most localities health department 
r egulations establish the rate and the minimum time for decompression 
of caisson workers in air locks. The time required for decompression 
depends on the air pressure under which the man has been working; 
it would be something like 1/2 hr if the pressure were 45 to 50 p. s. i. 
From the construction standpoint, an important factor in all com-
pressed air work is the danger of a blowout. For the soil condition 
illustrated in Fig. 18, the fill and clay overlying the sand would be 
referred to as cover, and the impervious clay would hold the com-
pressed air so that the air would not leak through to the ground sur-
face and cause a blowout. If there were no impervious clay to act as 
a cover, and if the entire soil bed were a pervious sand and gravel, 
the compressed air might leak through the soil; air bubbles would then 
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come out of the soil at the ground surface and it would be impossible 
to maintain sufficient air pressure to counteract the hydrostatic pres-
sure at the bottom of the caisson. 
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7. Excavation by Machines 
During the past ten or fifteen years seYeral methods have been 
developed for excavating pier foundations by machine. The procedure 
used in the dry process is illustrated in Fig. 19. 'l'he machine, a modi-
fied steam shovel operating on caterpillar treads, has a special frame 
on the front to carry a power unit and a large gear that operates in 
a horizontal plane. This assembly is called a rotary table. The large 
gear drives a vertical shaft suspended on a cable from the tip of the 
boom. The shaft is made of concentric hollow cylinders which tel-
escope into one another so that the shaft can be extended down the 
excavation to depths of 100 ft or more. 
On the bottom of this shaft is a bucket that does the actual exca-
vating. The bottom of the bucket is built something like an auger, so 
that soil is picked up through it as the bucket is rotated in the exca-
vation. The bottom is built in halves so hinged that the contents of 
the bucket can be dumped into a truck or a spoil bank. Few buckets 
are more than 4 ft in diameter, but they can be used to make excava-
tions of larger diameters by means of a pair of reamer knives bolted 
to the bail of the bucket. These knives may be set to the required 
diameter of the excavation. The 4-ft-diam bucket will then excavate 
a 4-ft hole, taking the excavated soil in through the bottom of the 
bucket while the reamer knives cut the excavation to its full diameter 
and throw the excavated soil into the bucket from the top. 
In many cases such a machine can excavate all the way to the bot-
tom before any lining is installed. Sometimes it is necessary to install 
the lining in sections 10 to 15 ft long as excavation proceeds. When 
the lining has to be placed during the excavation, special retractable 
reamer knives are used which can cut under the lining and excavate 
the shaft out to its full diameter. 
A machine of this kind is particularly useful in cohesive soils where 
there is no serious water problem. The machine can excavate much 
more quickly than is possible by hand. In a single 8-hr shift a machine 
of this kind has dug an excavation 6 or 7 ft in diameter and 100 ft 
deep. To do the same thing by hand would require ten or fifteen 8-hr 
shifts. However, the average job would be equipped with only one 
or two machines, whereas on the hand job 10 or 12 excavations would 
proceed simultaneously. Accordingly, the total time required to do 
the job might be the same. 
These machines are usually economical only when there is a con-
siderable quantity of excavation to be handled. If a job involves only 
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a few hundred cubic yards of excavation, there is little possibility that 
the machine can compete with hand operation. When the cost of in-
stalling the machine on the job is applied to such a small yardage, the 
price per cubic yard is equal to or even greater than the cost of hand 
excavation. But when the job involves thousands of cubic yards of 
excavation, installation cost adds little to the cost per cubic yard, and 
the machine can do the job far more cheaply than it can be done by 
hand. 
In some localities much smaller rotary machines are used to dig 
shafts from 16 to 24 in. in diameter and as much as 40 ft in depth. 
The excavated shafts are filled with concrete to form piers for sup-
porting residences or other light structures. Sometimes the lower ends 
of the shafts are belled out to increase the bearing capacity of the pier. 
The other machine-excavation method is the wet process. The ma-
chine (Fig. 20) is similar to the dry-process machine in that it is a 
modified steam shovel. The cutting apparatus consists of three or four 
arms projecting horizontally outward from the bottom of the vertical 
shaft. Attached to them are a series of teeth like those on a steam-
shovel bucket. 
A system of circulating water is maintained throughout the opera-
tion. A sump is excavated near the machine, and a pump is set along-
side. The suction hose of the pump is placed in the sump, and the 
discharge end of the pump is connected to the upper end of the hollow, 
vertical drive shaft. The water goes down through the shaft, is dis-
charged into the excavation at the cutter head, then comes up in the 
excavation outside the drive shaft and overflows at the surface, where 
it is conducted back to the sump in a small trench. The excavation 
is kept full of mud-laden water at all times during the excavation 
process. 
The reason for leaving the water in the excavation is to balance 
the hydrostatic head of the water in the surrounding ground and thus 
prevent the side walls of the excavation from caving in. When the 
machine is excavating in clays or other fine-grained soils, the circu-
lating water sometimes becomes so muddy that some of it has to be 
taken out of the circulating system and replaced with clear water 
which is added at the sump. In such cases it is often necessary to 
clean out the sump from time to time. When the excavation is being 
done in clean sand, the circulating water often remains quite clean; 
it is then common practice to add clay to the circulating water so as 
to increase its specific gravity. In most cases there is an excess hydro-
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FIGURE 20 
static head in the excavation, and hence an active hydrostatic pressure 
directed radially outward at the walls of the shaft. 
The steps in the wet-process method are illustrated in Fig. 21. ThE> 
starting pit is shown at Fig. 2la. The cutter head starts rotating in 
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this starting pit, and excavates down into the ground as shown in Fig. 
2lb. At this stage the excavation is full of water and there is no lining. 
When the cutter head reaches hardpan and boulders overlying the 
rock, the driving shaft is pulled out and the cutter head is · removed 
from the end of the shaft. 
A core barrel is fastened to the lower end of the drive shaft, and 
the apparatus is again put down into the excavation (Fig. 2lc). The 
purpose of the core barrel is to cut through the hardpan and boulders 
and into the underlying rock deep enough to permit the lining, which 
is installed later, to form a seal against the surrounding ground water. 
-
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FIGURE 21 
The core barrel must be long enough to reach through the hardpan 
and into the rock at least a foot or so. Sometimes the core barrels 
have saw-tooth lower edges which are hardened so that they will cut 
rock. Sometimes the core barrels are made with double walls so that 
they can be used as large shot drills. The shot is fed into the drill 
stem at the ground surface. It goes down the drill stem with the cir-
culating water and then down between the double walls of the core 
barrel to the cutting edge, where it acts as an abrasive to cut the boul-
ders and the rock. 
Figure 2ld shows the core barrel seated in the rock. The drill stem 
has been removed. At this stage the excavation is still full of water 
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and is still unlined except for the core barrel in the bottom. Besides, 
the core barrel is full of hardpan and boulders as well as settled solids 
which settle out of the water in the upper part of the excavation when 
the water circulating system is stopped. The excavation is then lined 
as shown in Fig. 2le. The lining is usually made of %-in. steel plate 
reinforced at intervals with internal stiffening rings. The plate and 
the rings are designed to resist the external pressure of the ground 
water and the surrounding soil when the water is pumped out. 
After the lining is in place, the water is pumped out and men are 
sent down to clean out the bottom and prepare the rock surface (Fig. 
21£). When the bottom is clean the lined excavation is ready for con-
crete (Fig. 2lg), which is dumped from the ground surface. The usual 
procedure is to pull the lining as the concrete is being poured. Figure 
2lh shows the pouring; Fig. 21i shows the lining being pulled; Fig. 
21j, the finished pier. The lining can usually be recovered; the core 
barrel is often wedged into the rock so solidly that it cannot be recov-
ered and re-used. 
The wet-process machine is ordinarily used when there is a serious 
groundwater problem. For example, in deep beds of saturated sand 
and gravel, it would usually be necessary to resort to compressed air 
in order to install piers by hand; the dry-process machine is not effec-
tive. The wet process machine was developed for such soil conditions 
and is therefore an alternate to compressed air caisson work. 
Though most pier excavation is done by hand, both these types of 
machines are useful under certain conditions - the dry-process for 
jobs without a serious groundwater problem, the wet-process where 
groundwater conditions are difficult and where compressed air work 
would be needed if the job were done by hand. 
The decision whether a pier foundation or some other type should 
be used must be based on economics as well as on engineering and 
construction. When a pier is founded on rock or hardpan it is a foun-
dation unit that can carry a heavy load. Accordingly, the pier foun-
dation is economical only when there are heavy concentrated loads to 
be carried. 
Pier excavation work involves more difficult construction problems 
than any of the other types of foundation. Ground water is always 
a serious problem; groundwater conditions should always be care-
fully investigated before excavation is undertaken. Another serious 
problem is the phenomenon that is known as "losing ground". When 
cohesive soils are being removed they try to squeeze into excavations 
and cohesionless soils try to flow into them. It is very easy to excavate 
.J-2 
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more soil than the neat volume of the pier without realizing what is 
going on. This is a problem that must be controlled in t11e field because 
lost ground is a serious matter, especially where there are structures 
adjacent to the site of the excavation work.<7· s, 9 , ioi 
A type of foundation pier dewloped during recent years is known 
as the Drilled-in-Caisson. It consists of a heay.'- steel pipe with a rein-
forced cutting edge which is driYen open end to rock and cleaned out. 
A socket of abont the same diameter as the pipe is churn-drilled to 
a depth of seYeral feet into tl1e rock. A steel H-beam core extending 
from the bottom of the socket to abow the cut-off elevation is placed 
inside the pipe, and the socket and pipe are filled with concrete to the 
cut-off elevation. 
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v. PILE FOUNDATIONS 
8. Kinds of Piles 
If the soils near the ground surface cannot support mat founda-
tions or simple spread footings, pile foundations are often used. Fig-
ure 22 shows most of the common types. Piles are usually divided into 
two general classes - bearing piles and sheet piles. 'l'his chapter dis-
cusses bearing piles; Chapter XI, the commonly used types of sheet 
piles. Bearing piles are of four kinds, classified on the basis of their 
material: wood piles, concrete pil es, composite piles, and steel piles. 
'l'he plain wood pile is the oldest form of piling. Its chief advan-
tage is its comparative cheapness. The cost per lineal foot is often 
only one-third or one-fourth that of concrete or steel piles. Neverthe-
less, it is not always the cheapest type of foundation , because certain 
limitations restrict its use. To prevent decay, it must be cut off and 
capped below the permanent groundwater level, a requirement that 
often involves deep excavation with sheeting and pumping. Another 
disadvantage is that ordinarily it cannot support as large a load as 
some other types. The usual allowable load on a wood pile is about 
15 or 20 tons; concrete piles are nearly always loaded to 30 tons and 
sometimes to more. Hence a given structure would require a larger 
number of wood piles with larger footings than would the same struc-
ture supported on concrete piles. 
Figure 23 illustrates the factors in this problem. It is assumed 
that a column load of 116 tons is to be carried by a pile footing and 
that the permanent groundwater level is about 10 ft below the base-
ment floor line. A concrete pile footing for this column would require 
4 piles at 30 tons each. The footing itself would be a small block of 
concrete about 5 ft square and ~ ft thick placed in a shallow excava-
tion just below the basement floor. The concrete piles would be driven 
in the bottom of this shallow excavation, and it would not be necessary 
to pay attention to the fact that the permanent ground water leYel is 
well below the pile cut-off elevation. In other words, concrete piles 
are permitted to extend up into the dry ground above the water table. 
In order to support this col umn load under these conditions on 
a wood pile foundation the procedure would be quite different. It 
would be necessary to excavate a pit down to a depth of 1 ft below 
the groundwater leYel. In many cases such a pit would have to be 
sheeted, and it would probably be necessary to do some pumping to 
keep the water out of the bottom of the pit. After the pit had been 
excavated and sheeted. the wood piles would be driven in the bottom 
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of the pit. 'ro cap the piles, it would be necessar)· to use a footing 
and a column of concrete extending from the tops of the piles up to 
the base of the column just belo\\· th e p ermanent floor line. At an 
allowable load of 15 tons per pile, it would take 8 wood piles to carry 
the 116-ton column load. In addition, two more pi les would be re-
quired to carry the weight of the concrete footing. Accordingly, the 
wood pile design would r equire 10 piles; the concrete design, 4. 
Whenever costs are compared of wood pile and concrete pile foun-
dations under conditions of this kind , the basis should not be solely 
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the r elatiYe cost of one \YOOd pil e as against one concr ete pile. It is 
necessary to consider th e cost of the entire foundation up to the under-
side of the column base. 'l'he esti.matecl cost of the \YOOd pile founda-
tion must include the cost of excaYation, sheeting, pumping aad 10 
wood piles with their heavy concrete footing. This total cost must then 
be compared " ·ith the cost of the 4 eoncrete piles and their compara-
tively small concrete footing. 
In some cases, the perrn aMnt groundwater le\'el is quite close to 
the ground surface, so that a few feet of excaYation will reach the 
water table. In other cases the groun chrnter 1cYel may be deep in the 
ground but the structure under consideration may require deep exca-
vation, such as seYeral sub-basements, so that the normal excavation 
would reach the water table. 111 snc:h c:ases, the cut-off eleYation for 
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wood piles and concrete piles would be approximately the same, and 
the cost comparison would often favor the wood piles. Jn general, the 
concr ete pile foundation will almost always be the more economical 
whenever the use of concrete piles ·will save 6 ft or more of excavation 
as illustra ted in Fig. 23. 
Plain wood piles extending into dr.1- ground above the water table 
or into tl1e open air aboYe the ground surface are often subject to 
attack by fungus growths and by insects. In sea water, esp ecially in 
tl1e tropics, there ar e numerous marine organisms that attack wood 
piles. These ar e factors that must be taken into account wheneYer the 
use of plain wood piling is being co nsidered. 
To overcome some of these disadvantag·es of plain wood piles, pre-
ser vative processes have been developed in which the wood is treated 
with chemicals, the most common being coal tar creosote. 'l'he effec-
tiveness of chemical preservatives depends on two important factors: 
(1) the thoroughness with which the treatment process is done and 
(2) the severity of t11e exposure conditions at the site where the 
treated pile is to be used. However, a properly treated wood pile will 
last longer than an untreated one under the same exposure conditions. 
One important factor when considering th e use of treated wood 
piles for the foundation of a permanent structure is the replacement 
of the pile in case it should decay or be otherwise destroyed by animal 
life. Such r eplacement involves underpinning and shoring operations 
(see Chapter X ) which are slow and expensive. The replacement of 
a pile in a railway trestle or similar structure is not so expensive or serious. 
Although the plain wood pile is comparatively cheap, the treatment 
process adds materially to the cost . The allowable working load on 
the treated pile is the same as that on plain wood piles. 
Concrete piles came into general use in the 1890 's. They ordinarily 
are considered as of two principal types, cast-in-place and precast. 
'l'h e precast pile is made above ground in a pile casting yard, and is 
brought to the job site and driven or jetted into the ground just like 
a wood pile. Th e fi elds of usefuln ess of cast-in-place and precast con-
crete piles overlap to a large extent. 
In ordinary building foundation work, the cast-in-place pile is the 
more commonly used, because the cast-in-place pile foundation can be 
installed more rapidly - there is no delay while test piles are being 
driven to predetermine pile lengths nor in waiting for piles to cure 
sufficiently to withstand J1andling and driving stresses. Of particular 
importan ce in crowd ed locat ions is that a cast-in-place pile job does 
not require <1 large open space for a pile casting yard. 
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Predetermining th e required pile length is especially importa11t on 
precast pile work. On a cast-in-place job the contractor usually starts 
with eq uipment that will driYe pil es of " ·idely varying lengths, so 
that it is not necessary to know the exact required length before the 
job is started . On precast pile work it is necessary to know the r e-
quired length s before the piles are cast, and time and money must be 
spent in driving test piles. 
It is usually required that precast pi Jes shall be stored and cured 
for 30 da~·s before being driven. But this period can often be r ed uced 
by the use of high-early-strength cements. On all precast pile work 
a good-sized area is r eq uired for a casting yard. In the downtown 
sections of large cities th er e is usually no vacant property available, 
so that precast piles have to be made at some distance from the job 
site. Since this involves handlin g and transportation, the cast-in-place 
pile is the mor e commonly used. 
In marin e installations such as docks, piers and bulkheads the pre-
cast pile is used almost exclusively. 'l'his is due largely to the difficulty 
of placing cast-in-place pil es in open water - though for docks and 
bulkheads the cast-in-place pile is sometimes used in the anchorage 
system. On trestle-type structures, such as highway viaducts, the pre-
cast pile is more common. A part of the pile often extends above the 
ground surface and serves as a column for the superstructure. 
Precast concrete piles are always r einforced to withstand handling 
and driving stresses. They are usually cast in a horizontal position 
and then picked up and delivered to the pile driver. They are often 
subjected to severe bending stresses and must be r einforced internally 
to take care of these stresses. ·when a cast-in-place pile is completely 
buried, it need not be reinforced internally. Both types of concrete 
piles are sometimes used as columns extending above the ground sur-
face; in such cases they must be r einforced for column action. In 
some types of structures either the cast-in-place pile or the precast 
pile may be subjected to horizontal forces applied at the pile head. 
Under such conditions internal reinforcement should be provided if 
and as r equired to take car e of bending str esses. 
Cast-in-place piles are generall y classified as (1) those in which 
a steel shell is left in the ground, and (2) those that are made without 
shell s. 'l'he purpose of the shell is to prevent mud and water from 
mixing with the fresh concrete and to provide a form to protect the 
concrete while it is setting. \Vith the shell-less pile, the fresh concrete 
is in direct contact " ·ith the surrounding soil. 
Cast-in-place piles with steel shell s left in t li e ground are of three 
kinds: ( 1) tapered driven shell s; (2 ) parallel-sided dropped-in shells, 
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and (3) steel pipe pil es. One type of t ape red driYen shell pile (Fig. 
24 ) , a H.aymond pile, is mad e in the fo llowin g mann er. A thin steel 
shell closed at the bottom " ·ith a skel boot is placed on the outside 
of a steel mandrel ot· corr, and the shell a nd the core are driven 
together into th e g round . \\Th en suf'fi eicnt clri\·ing res istance has been 
developed, clriYing is stopped and the co re is wi thdrnwn from t he shell. 
'l'he steel-lin ed hole in th e ground ca n be inspected with a lamp on 
a drop cord . 'l'h e co ncr ete is then dumped into the shell. A r elatively 
thin shplJ is m;rd beeam;e the hcaYy stee l drivin g co re supports the 
she ll so that it will 11ot eo llapse clnrin g- clri\·ing. 
~--
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FIGURE 23 
Another t)·pe of clriYen shell (:F'ig. 25 ) , called a Monotube pile, 
h"' a "alloped c>·O''-'"tion which i' fo,.med by a "''i" of ve,.tioal 
ftut ino' nrnning the foil length of the pile. '£h<'e pil<' •" tapeced 
and are closed at the bottom b)· a steel boot. 'rhe shell is driYen into 
the gco tn'<l an<1 i' then fi lied with eonn·ete to fo ,.m a eO't-in-pl""e pile 
The" Monotnb" aYe chiYen nithont. the aid of an internal d,.iving 
eo,.e ; the ' he II m n<l tlte "f w he th iek enongl,. to wit t"tand the d,. ivi o g 
stresses. 'l'lle thillllest shells that ta ll be used for this t~· pc of pile are 
'/a i " · th i<·lc tt i' rno.-e ,.,,,,.,.mo" Io "" ' '" " ' "'<" .,,. '!< i". th i<·l< 
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One important adrnntage possessed by both these types of tapered 
driYen shell piles is tliat they maintain the driving resistance set up 
in the soil surrounding the pile during driving. In other words, the 
steel shells remain in place in the ground in the position into which they 11·ere driven. 
F10u1rn 26 
Anotl1er t.rpe of cast-in-place pile (Fig. 26 ) is a parallel-sided 
dropped-in shell pile. T11e driving apparatus consists of a piece of 
heayy steel pipe, usually about 16 in. in diam and 11z in. thick. A 
steel d riYing core is fitted inside this pipe. and the two are driYen 
togctl1er into the ground. \\Th en suitable driYing resistance has been 
obtained. clriYing is stopped and th e core is remo\·ed from the pipe. 
A t11in mrtal shell, us11ally a piece of corrugated cuh·crt pipe some-
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what smaller in diameter than the interior of the driving pipe, is then 
dropped down inside the driving pipe. The thin corrugated shell is 
filled with concrete, and the driving pipe is then pulled out of the 
ground. 'rhe driving resistance is determined by means of the heavy 
steel driYing pipe, but the pipe that remains in the ground is <;mailer 
in diameter than the pile that 'ms dri\'en. 'rlie carr.\·ing capacity on 
such a pile depends largely on the point resistanec siuce th e surround-
ing soi l may or may not come back against the internal shell to provide 
friction r esistance along the sides of the pi le. In other words, tlie driv-
ing resistance and the soil pressures set up in the soil during driving 
are not maintained when the outer driving pipe is pulled out of the 
ground. 
A third kind of cast-in-place pile with a permane11t shell is the 
steel pipe pile, either closed-end or open-end. 
'l'he closed-end pipe pile is simply a piece of steel pipe closed at 
the bottom with a heavy boot, then driven into the ground and filled 
with concrete. The uses of such piles are about the same as those of 
the other types of cast-in-place piles with driven shells, and the allow-
able loads on closed-end pipe piles are about the same as those on an 
ordinary cast-in-place or precast pile. Sometimes these pipe piles are 
driven all in one piece; sometimes they are made of several pieces of 
pipe either welded together or fitted together with special internal 
sleeves. 
The open-end steel pipe pile is usually driven to bearing on rock. 
When the pipe is being driven, it is open at the bottom so that when 
driving is stopped the interior of the pipe is full of soil. This soil 
has to be removed from the pipe - usually with air and water jets, 
sometimes with miniature orange-peel dredging buckets. ·when the 
jetting is used, a long water jet is worked down inside the driven pile 
to loosen up the soil. After the soil has been thus softened an air jet 
is let down into the pile. It is connected to a large compressed air 
reservoir, and in the air line between the reservoir and the jet a quick-
throw valve is set ·which is thrown open suddenly so that the com-
pressed air rushes into the bottom of the pipe almost like an explosion. 
The soil inside the pipe is thrown out at the top as illustrated in Fig. 
27. Sometimes the jetting process must be repeated several times to 
get the pipe properly cleaned out. After this has been done, the pipe 
is usually re-driven with the hammer to make sure that it is properly 
seated in the rock. Any water remaining in the pile is pumped out 
and the pile is then filled with concrete. Open-end pipe piles installed 
in this manner are usually allowed to carry relatively high working 
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loads. Th e amounts of load allo"·ecJ for different s izes of pipes are 
fixed by building codes; in ge1Jera l, these loads are cons iclerabl_y higher 
than those used on other types of concrete piles. 
'1.'lie shell-less concrete piles are di,·icled into two different kinds, 
p edestal and straig11t-shaft. 'l'h e process commonly used in forming 
tli e p edestal pi le is illustrated in Fig-. 28. A heayy steel driving pipe 
\ 
\ 
FlGURJ.~ 2 7 
with an internal cor e is driven into th e g round until a satisfactory 
driving r es istance 11 as been obtained. 'l'h e core is then lifted out of 
t11e pipe ancl a small charge of co ncrete is clumpecl into t11e pipe as 
s110"·11 at (2) . 'l'h e pipe is th en pull ed up a few feet and the cor e is 
put back into th e pipe on top of this co ncrete. '1.'h e hammer is used to 
dri1·e the cor e do,rn in order to force the concrete out of the bottom 
of t11 e pipe to form th e bu lb as sho,rn at (-+ ) . Sometimes seYeral 
c11a rges of eonc·1·ete are usl'd tci lllak e th e pedestal. <ifter which the pipe 
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is filled with concrete all the 'ray to the ground surface. 'l'he core is 
next placed on top of the concrete to hold it down while the pipe is 
being withdrmrn, as shown at ( 5). 'l'he final form of the pile is shown 
at ( 6) . 
The straight-shaft shell-less pile is made with the same apparatus. 
However, instead of the small charge of concrete that is dropped in 
the pipe, as shown at (2) in Fig. 28, the straight shaft pile is formed 
by filling the pipe with concrete all the way up to the ground surface. 
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The core is th en placed 011 top of the concr ete, as shown at ( 5) , to 
hold clo"·n the concr ete whil e th e pipe is being withdrawn. The pile 
thus formed is similar to that sho"·n at (6) except that it is simply 
a straight shaft of concrete without the pedestal. 
Th e chi ef aclYantage of the cast-in-place shell-less pile is that it is 
the cheapest of the concrete pil es, because the shell-less pil e consists 
only of concr ete, wh ereas the precast pil e is r einforced internally 
and the shell types of cast-in-place piles always lrnYe steel shells 
that remain in the ground . Yet th e shC'll-lcss t~·pe of pil e has <'ertain 
disachantages. E specially if the pile is Yery long, it is often difficult 
to force the concrete out of the pipe in a uniform stream whil e the 
pipe is bein g " ·ithdra" ·1J. 'The coner ct C' tencl s to stick in th e pipe, so 
J-! 
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that it leaves the bottom of the pipe in a series of jumps and the pile 
thus formed may not be a continuous shaft. In the formation of the 
p edestal there is the possibility that the soil may not be uniform in 
the vicinity of the pile point; li ence the pedesta l may be off center 
witl1 respect to the vertical center lin e of tl1e shaft. In any case, neither 
the shaft nor tl1 e pedestal ca n be inspec ted to make snre the,v ha\'e been proper/.Y formed. 
Even when the shell -less pile is perfectly fo rmed, it is still possible 
that d,·;ving adj acent pd,, w;JJ dfatort the l r,,h eonerete in pcev;o.rnly 
driven piles. To avoid this possibility, it is sometimes r eq uired that 
shell-less piles be dri,·en on a wider spacing between pile cente 1·s than 
;, uaed for oth"· typ" of pile,_ Gceat ea,·e must be uaed ;n fo"ning 
piles of this kind , and usually fewe r piles can be driven in a given 
time than is poss ible with concre te piles of other types. 
Precast concrete pil es may be either tapered or parallel-sided. M:ost 
precast piles are of square or oc tagonal cross-sect ions ; some ar e circu-
lar. The pi/" a<·e uaoally e"'t in a h0<hontal poa;tion on the ground ; 
the round cross-section is not common because it is difficult to fill a 
cylindrical form with concrete wh en tl1 e form is horizontal. 
All precast piles are r einforced with longitudinal bars and trans-
verse r einforcement, which may be separate hoops or continuous spi-
rals. Th e spacing· of the transverse reinforcement is always smaller 
for a length of 3 or 4 ft at each end of the pile than in the middle of 
the pile, because the maximum stresses in the pile during driving occur 
near the ends of tl1 e pile. Figure 29 shows typical designs of precast 
piles. At the left ;, a uniformly tap,,ed pile of aqua.·e ern&H;eet;on, 
at the right a uniformly tapered pile of octagonal cross-section, and 
in the eenter a pa.·allel.sided pile of octagonal erosHeetion. 1'he lowec 
ends of the parallel-sided piles are usually tapered over a length of 
several feet from th e full cross-sec tion down to a point diameter of about 10 in. 
Most tapered precast piles are limited in length to about 40 ft. 
For greatec lengths the lesa fiex;bJe parallel.s;ded piles a.·e used. Theee 
are often made with diameters as great as 30 in .; the maximum lengths 
thu, far used ace well Mer 100 ft. During ceeent year., very heavy 
precast piles of octagonal cross-section with diameters as gr eat as 36 
in. have been used. Solid pdes of th;a ,;,, would be very heavy and 
ha,d to handle; ao they ace uaually made w;th a eylindrieal hole 10 
°'' 12 in. in d;amet., eentered on the ax;, of th e pile. Th e •tcength 
of the pde ;, ">'1lfo;ent to '""T the working l°'d m n thoogh the p;!, 
ia l>ollow. and the rm·ro" of the large d;amete<· is to get a l"ge pile 
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surface i11 contact with the surrounding soil. Th e carrying capacity 
of the pile is determined by the amount of embedded surface rather 
tha n by the structural strength of the pil e itself . 
Precast piles are usually manufactured in a temporary casting 
yard on or near the site wher e the:· are to be used, because transporta-
tion and handlin g costs are comparatiYel~- high. 
\\Then Yery hard driving conditions are encoun tered, precast piles 
arc often equipped with steel clriYing shoes - pointed steel caps that 
fit o\·er the point of the pile, avai lab le in Yarious sizes and proYided 
with straps extend in g into the concrete at the lower encl of the pile 
so that the shoe can be made a part of the pile when the pi le is cast. 
Composite piles came into ge neral use twenty-fiye or thirty years 
ago. The~- combin e the low cost of the wood pile " ·ith the advantage 
that the~- incl11c1e a conerete pil e that dors not haYe to be cnt off below 
the groull(lwate1· lnel. Figure :rn sho"·s how th e composite pile is used 
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to avoid the large arnonnts of exca,·ation, sheeting, and eo ncrete that 
are often involYed in the use of plain \\'ood piles. 
For the composite pil e, the \rood sect ion is driYen do\\'lt until its 
upper end is about at the ground smface. 'l'hat sectio n is topped off 
\l·ith a concr ete pile that is n secl as a follower to driYe the head of the 
\\'OOd pil e down belo\I· th e groundwater leYel. 'l'he connete sedion 
extends from the water JHel up to the cut-off grade. Such piles are 
considerably cheaper than all-concrete piles of the same length. All 
the types of concrete piles, eith er precast or cast-in-place, ca n he and 
Jia,·e been used as the upper sections of composite piles. 
Compos/le 
Pile 
Concrefe 
Secflon 
Wood 
Section 
PIGURE 30 
Wood 
Piles 
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'l'he most important clement of the composite pil e is th e joint 
between the wood and the concrete sections. The main requirements 
of a satisfactory joint are: (a) to keep out mud and water , (b ) to 
resist tension, ( c) to r esist bending. In addition, the joint must be 
so des igned that it can be made easil y in the field without undue time 
or cost. 
A well-sealed joint is always necessary so that there is good solid 
bearing between the two parts of the pile. The amount of t ensile 
st rength that the joint must have will depend on the magnitude of 
the tensile forces that might be applied to the pile after it is in place 
in the ground. ·when composite piles are used in soils that heave dur-
ing pile-driving operations, th e j oint must have sufficient tensile 
strength to keep the concrete sections from being lifted off the wood 
sections by the heaving soil. Some types of structures place actual 
uplift forces in the pil es on whi ch they are supported; th en the com-
posite pil e joints must be des ign ed to resist these uplift fo r ces. In 
many cases, the pile is ncwr sn bjec ted to tensile forces. Jf so, a com-
posi tc pil e joint requires only a nominal amount of tensile strength . 
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Piles are seldom subjected to bending stresses except nuder cer-
tain conditions that are usually due to the nature of the structure the 
piles are to support. For example, the foundation of a heavy r ecipro-
cating machine would tend to sway back and forth and to put hori-
zontal forces in the pil e heads. Structures subjected to large external 
horizontal forces clue to wind or water loads also put horizontal force 
components into the heads of the piles on " ·hich they may be sup-
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ported. In such cases. composite pile joints should haYe sufficient bend-
ing r esistan ce to enabl e th em to \l·ithstand th e forces to which th e~­
will be subjected. Wh en the composite pil e is subjected only to a 
direct axial load . onl~- a nominal amount of bending r esistance is 
necessary. 
Figure 31 sho\l·s fh ·e cl ifferent kinds of composite pile joints be-
tween a \\'ood pil e and a cast-in-plare concrete pile formed in a corru-
gated steel shell. Jn joint (a ) the head of the concrete pil e has been 
t rimmed in the form of a tenon which is usually about 9 in . in diameter 
and about 18 in. long. 'l'o th e bottom of th e shell is welded a steel 
sealing rin g \I-hose ins id e diameter is slightly smaller than that of the 
tenon, so that th e rin g has to be forced do\\'n around the t enon with 
<·onsicl erabl e pressure. 'l'hc rin g scnes a donble purpose: it sra ls the 
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JOlllt ag·ainst mud and water; it has some tensile strength due to the 
action of th e ring and to th e bond between th e concrete and the tenon, 
and it has some bending strength due to the projection of the wood 
pile tenon into the concrete pile. 'l'o increase the tensil e r esistance, 
joint (a) is sometimes modifi ed as shown at (b ). With the (b ) joint, 
the two sections of pile are locked together by a steel cross-pin passing 
FIGURE 32 
through a stee l socket into \rhiclt a reinforcing rod with a threaded 
end can be scre11·c(l. Th e reinforcing rod extends to th e top of the 
concrete pil e. Th e bending r es istan ce of th e joint ma~· be increased 
by r einforcin g steel as shown a.t (cl ) . ,Joints (b ) and (d ) can be com-
bined, to provide high r es istanre to both bending and tens ion. Joint 
(c), less complicated than the others, uses a steel dowel pin instead 
of th e tenon on the wood pile. Th e joint is sealed by forc·ing- th e lower 
end of the shell into th e head of the 11·ood pil e and then expa nding 
the wood pile head b~· means of a 11·ec1ge ri11µ- so that th e 1011·er encl 
of th e shell is gripped tightl_,. b~- the 11·oocl. Oth er t~ · pes of composite 
pil e joints are in cornm erc:ia l u se; the choice of the kind of joint on 
CIRC. 60. LE CTURES OX FOUNDATIOX EXGIXEERIN'G 59 
a given job should be based on the conditions under which the piles 
are to be used. 
Steel bearing pil es are comparatively new in the piling industry. 
'l'he section ordinaril~- used for bearing piles is known as the H-beam. 
This type of pil e has proved especially useful for trestle structures 
in whi ch the pil e extends above th e ground line and serves not only 
as a pile but also as a column. A structure of this t~·pe on a steel 
bearing pil e foundation is illustrated in Fig. 32. 
B ecause of th e small cross-sectional area of these piles, they can 
often be driven into river beds of sand and gravel into which , even 
with the aid of jetting, it would be very difficult to drive a displace-
ment pile (any pile with a solid cross-section of consid erable area). 
However , this abilit,v of the II-beam pile to penetrate easily into dense 
material often works to its disadvantage in other kinds of soil condi-
tions. In many cases bearing piles are used to support loads simply 
by fri ction between the pile and the surrounding soil. In other cases, 
piles are used primarily for the compaction of loose soils. Under such 
conditions, particularly when compaction is the principal purpose of 
the pil e, considerably longer H-beam piles are r equired in order to 
carry the same load that can be supported by a comparatively short 
displacement pile. The r eason is that the H-beam pile, with its small 
cross-sectional area, produces little compaction. 
Where the H-beam pile is exposed to air, or where it is alternately 
wet or dry, it is subject to the same corrosive action as any other steel 
structure under the same conditions. In some installations, H -beam 
pil es are protected from corrosion by frequent painting with an as-
phalt compound . Sometimes, in order to protect the pile from corro-
sion at the ground line, it is encased in concr ete for a distance of 
several feet above, and seYeral feet below, the ground (Fig. 32). 
9. Functions and Uses of Piles 
One principal use of piling is to transmit loads through soft or 
unstable surface soils to harder, more stable soils below. Piles so used 
are called bearin g piles. 
Sometimes piles are used mer ely to compact a bed of loose sand so 
as to give it a gr eater density and a higher bearing capacity . 
Some types of structur es are subjected to uplift force from various 
causes. 'l'h e transmission tower illustrated in :F'ig. 38 might be loaded 
in such a way that it would try to overturn. Such towers ar e always 
subjected to a cabl e pull and to wind forces. If th e cables on one sid e 
of the tower shonlc1 break and if th e structure wer e subject to a heayy 
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wind force at the same time in the same direction as the unbalanced 
cable pull , there would be uplift forces of considerable magnitude on 
the windward side. Foundations for structures of this kind are often 
fastened to the ground with piles whose principal purpose is to r esist 
uplift. 
'l'he danger of scour in a stream bed often requires th e use of pile 
foundations und er a bridge pier eve n though th e soil in th e bed may 
be capabl e of supportin g the pi er load without pil es. A case of this 
Fiat.am 33 
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kind is illustrated in Fig. 3-1-. In regions where there is danger of 
quick floods and heavy scour, a bridge pier on a bed of sand and 
gravel should be protected against possible scour, with bearing piles 
under the pier or with a cofferdam of sheet piles around th0 pier. 
Either the bearing piles or the sheet piles should be carried deep 
enough to provide suificient support under the pier after the maximum 
a uti cipated scour in the stream bed. 
Jn the eo ustruction of clocks, piers, a nd other marin e structures, 
piles arc used as anchor pil es, as fender pil es, and fo r pil e cluster s or 
dolphins. Fig-ure ;l.)a shows a cross-section of' a cloek which would 
make use of th ese• various kind s of pil es. 'l'hc an ehor pil es might be 
C lR C'. fiO. 
Pile Clvsfer 
or Dolphin 
J.E C'TC Ja:S OS FO U:S-D.\TlO:S- J·::\G JSEJ·:JU:S- G 
Sheet Piles 
Becrrinq Piles 
Fender Piles 
(a ) 
}'lGURE 3;) A, B, C 
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wood, concrete, or steel piles. The fender piles would ordinarily be 
wood piles, used to protect the concrete dock from abrasion due to 
ships or barges that might tie up there. The fender piles are usually 
8 or 10 ft on centers and are capped with a continuous 12 x 12 timber. 
'l'he piles used for dolphins are almost invariably wood piles. Figure 
35b is a rear view of such a dock under construction. The pile driver 
driving the battered anchor piles is in the background. The anchor-
ages and ties are also shown. 'l'he photograph was taken before the 
backfill i,vas placed behind the dock. 1<.,igure 35c is a front view of the 
same dock. 'l'he fender piles have not yet been installed, but the bolts 
for holding them in place against the face of the dock can be seen. 
Piles are often used for falsework during the construction of 
heayy structures. For example, the centering for a reinforced concrete 
arch bridge is often carried on wooden piles driven for temporary 
support. In Fig. 35c the head of a wood pile can be seen projecting 
above the water in each bay of the dock. These are the heads of false-
work piles that were driven to support the dock forms while the con-
crete in the dock was setting. 
10. Bearing Capacity of Piles and Effects of Pile Driving 
A discussion of the bearing capacity of piles should begin with 
a consideration of the pi1enomena that occur during driving. Before 
any piles are driven, a soil has certain physical properties that may 
be determined by laboratory i1westigation. Pile driving changes these 
physical properties in various ways, the nature of the changes depend-
ing largely on the character of the soil. One of the most common phe-
nomena during pile driving is the compaction of the soil into which 
the piles are driven. In cohesionless granular soils, whether dry or 
saturated, pile driving forces the soil grains closer together, so that 
the entire soil mass acquires a higher degree of density than it had. 
These soils have relatively large pore spaces; therefore, when the soil 
grains are displaced the water can escape freely through the Yoids in 
the soil. 
In fine-grained cohesive soils, such as silt and clay, compaction due 
to pile driving takes place only when these soils are not completely 
saturated. However, when fine-grained cohesive soils are submerged 
below the water table and are completely saturated, the effects pro-
duced by pile driving are complicated. 'l'he pore spaces in such soils 
are of capillary dimensions. 'l'he movement of water through these 
capillary channels is very slow, even when the soil mass is subjected 
to heavy pressure. Accordingly, when a fine-grained cohesive soil is 
completely saturated , relati,·ely long periods of time are required to 
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force water out of the soil and to produce Yolume changes in the soil 
mass. Such soils are practically incompressible in short periods of 
time. Ordinarily the actual driYing of a pile is done in 10 or 15 min. 
Therefore, when a pile is driven into a fine-grained cohesive soil that 
is completely saturated, the driving time is too short to permit much 
water to escape from the soil. The result is that very little compaction 
takes place and the soil is simply displaced laterally and upward. 'fhe 
heaving of saturated clays and silts during pile-driYing operations is 
well known. 
'l'his behaYior of saturated fine-grained cohesive soils during pile 
driving has led to the development of a theory about the remolding 
effect of pile driving in such soils. In its most extreme form, the the-
ory says that these soils are completely remolded. Laboratory tests 
on completely remolded soil show that the soil structure is apparently 
destroyed and that usually the strength of the soil is greatly reduced. 
The amount of reduction in strength between undisturbed soi.ls and 
remolded soils varies widely with different kinds of soils. Some soils 
are very sensitive to remolding; others lose only a small percentage 
of their undisturbed strength. 
This theory has been discussed at considerable length in engineer-
ing literature. Several fads should be kept in mind. All oYer the 
world , thousands of structures are being supported satisfactorily by 
piles driYen into deep beds of saturated clay. Just how these struc-
tures would have behaved if i10 piles had been used is largely conjec-
ture. Information available indicates that the remolding- effect of pile 
driving is not nearly as serious a matter as was originally assumed. 
After the pile has been driven into the ground and is subjected 
to a static load, the question arises as to the transrn ission of stresses 
from the pile to the surrounding soil (see Fig. 36 ) . Part of the load 
goes into the soil in the form of tangential stresses, t, along the sides 
of the pile. These stresses are sometimes called friction and some-
times shear. ''Friction'' conveys the idea that the pile would try to 
slide through the soil; this probably does not give a proper picture 
of what happens, especially in cohesiYe soil. \Vhenever piles are 
pulled out of the ground, they nearly always come up with a thin 
film of soil sticking to the sides of thr pile. This incl icates that the 
adhesion between the pile and the soil is greater than the cohesion 
or the shearing strength of the soil at a relatiYely short distance from 
the pile surface. In such cases the tangential stresses, t, are deter-
rni ned by the shearing r esistance of the soil. In a Yery cl ean sand it 
is possible that the pile would slide through th e sand. so that these 
tangential stresses might be rrferrcd to as fri ction . 
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Another part of the pile load goes into the soil at the point of the 
pile. This means a direct bearing pressure. p, on the soil below the 
pile point. If the pile is tapered, the normal pressure, n, on the sides 
of the pile has a Yertical component, n sin </>, where <f> is the angle of 
taper of the pile. l\Iany tests on full-sized piles, as well as on models, 
have demonstrated that the bearing capacity of the pile is consider-
ably increased because of the effect of the taper. Full-sized load tests 
made on precast concrete piles that were parallel-sided and on pre-
cast concrete piles that we1·e tapered at the rate of 1 in . in 4 ft have 
indi ca ted that the tapered pil es were able to carry 25 percent more 
load per square foot of embedded surface than the parallel-sided piles, 
th e settlements in each case being equal. The piles were driven about 
30 ft into a bed of sand of medium d ensit~-. 
In the general case, th e equation of equilibrium for the pile shown 
m Fig-. 36 \YOu ld be 
P = pA. + tS + Sn sin <f> , (3) 
in " ·hich A is the area of the pilr point, 8 is the total embedded sur-
face of the pile, and p, t and n are forces per unit of area. If the pile 
is parallel-sided, <f> and sin <f> are zero, so that only th e t and p forces 
rxist. In any case, the calculation of th e magnitudes of these differ-
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en t components of earth resistance is a staticall.'· indetel'rninate prob-
lem. It is not possible by th e methods of static analysis to determine 
ho"· much of th e load is carried by the point of th e pil e and how 
much by the side. In addition, it is not known just how the tangential 
and normal forces are distributed along the length of the pile. Ac-
<.:o rdingly, the problem of determining the canyi ng capacity cannot 
be readily solved by mathematical analysis. 
Piles are usually call ed friction piles when tl1ey derive their prin-
<.: ipal support b~- shear or fri ction along their sides. 'l'hey are called 
point bearing piles \\·hen they carry their loads almost entirely at 
their points by direct bearing on hardpan , granl, or rock. 
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11. Load T ests on Pil es 
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The best method for detel'mining the bearing <.:apacity of piles is 
a static load test. 'l'he usual procedure for testing a pil e is to build 
a platform or a box on top of the pil e and to load this with pig iron, 
sa nd. or some other heavy rnatrrial. 'l'h e manner in which the test is 
made is illustrated in Fig. ;17a. Th e loads and se ttlements of the 
piles are measured and r ecorded. 'l'h ese results are plotted in th e 
fol'm of a load-settl rmr nt cu rn CF'ig. :17b). .:\ ormall)' the working 
load per pile is clrtcrmin r cl befo re the structure is designed, and the 
usual procedure is to appl:· a load that is twi ce th e working load. 
Tests made in this manner usuall:· produ ce a settlement c1irYe and a 
r ebound curw such as is illustrated b~' th e solid lin e in Fig. :17b. 
From the rrsn lts, it will be known that a safety factor of 2 will 
br arnilablr if a \\·o rking loacl amounting to P is applied to th e pil e 
aftr 1· a snecrs,;ful load trst up to a load of 2P has been rnacl e. 'fhe 
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information that cannot be obtained from such a test is the failure 
load of the pile. Pu1·thermore. th e real factor of safety is unknown 
when th e working load P is applied. All that is known about the 
safet~· factor is that it is at least 2. Th e dotted eune in l<'ig. 37b 
sho"·s what th e load-settlement cune might look like if the test load 
were in cr eased aboYe 2P. 'l'he t est load might be carried up to 3P or 
4P before failure, and the pile would settle continuously without any 
more load. A large percentage of past pile-load tests were made on th e 
basis of applying twice th e working load. 
Such a test determin es the fact that the safety factor is at least 2, 
although it might be as much as 3 or 4. Extra time and money are 
r equired in order to carry a load test to failure, but it is usually worth-
while to do this " ·hen ever possible. 
l\Iost building-code r equirements for load tests limit th e allowable 
settlement to 0.01 in. p er ton of test load after deduction of rebound 
provided that the pile has remained stationary under the full test 
load for 24 hr. 
12. Single P1.l es and Pile Groups 
One of the most controYersial subjects in the fi eld of pile founda-
tions is th e r elative carrying capacity of sin gle pil es and pile groups. 
\Vh en a single pil e is driYen into th e ground and subjected to an ex-
ternal loacl . tii C' Yrrtical pressm·r at th e plane oE th e pil e point is 
probably about as shown in Fig. 38a. Th e maximum pressure would 
occur under th e pile point , and th e pressure would decrease as th e 
radial di stan ce from th e pil e in creased. Figure 38b represents a group 
of pil es \rith th e pressul'e di stribution that probably exists under su ch 
a group. The assumption is mad e that th e pressure under the pile 
group is compounded b~' simple superposition of th e stress distribu-
tions und er each indiYidual pile. The result is a large domeshaped 
stress surface " ·ith th e maximum stress under the center pile. The 
pressure under th e center pile of th e group would be considerably 
greater than that und er a single pile. 
If this prin ciple of superposition of stresses were valid, and if the 
settlements of th e nrious piles of th e group were proportional to th e 
stresses immediatel~· below the pile points, the center pile in Fig. 38b 
would haYe to settl e considerabl~- more th an the outside piles. l\Iost 
pile groups of this kind are capped with a reinforced concrete foot-
ing which is prac ti c all~· rig id in comparison with th e soil surrounding 
th e pil es. 'l'he result is that th e pile head s are r estrained, so that the 
settlement of all of the piles of th e group would haYe to be about th e 
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same. 'l'his r estraint causes a r eadjustment of the pressures under 
the points of the piles in the group. 'l'h e1·e is a t endency to redu ce 
the pressure under the center pil e and to increase th e pressure under 
the outside piles. In other words, the t endency of th e rigid footin g 
is to equalize th e soil pressures below the p ile group. 'l'he maximum 
pressure under the group is greater than that under the single pil e, 
but not necessarily as much greater as is indicated in Fig. 38. 
'l'he same r easoning applies to an entire structure which might 
be supported on a whole series of pile groups. Th e structure might be 
a one-story factory building ( l!'ig. 39a ) . Such a structure would be 
_ _ __ _,1,-__ .L-G._rovnd Svrr07ce t I Ill 1 
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comparatively flexible, and might be supported on a pile foundation 
with columns 15 or 20 f t on centers. The compounding of stresses in 
the underground from the various pile groups would indicate that 
such a building should settle in the form of a saucer-shaped depres-
sion , with the maximum settlement in the center of the building. B e-
cause of th e fl exibility of th e structure, settlement of this type " ·ould 
actually take place; th e superstructure \\'Ould bend comparatively 
easil:v t o fit the defl ection surface of th e soil. Figure 39b represents 
a r einforced concr ete grain eleva tor whi ch is practically ri gid. Such 
a structure " ·ould not be able to bend and settle in th e form of a 
saucer-shaped depression. Because of its ri gidit~·, it \\'Oulcl haYe to 
se ttle as a unit. \Yith the under sicl e of th e fo undation r emaining prac-
ti cHll)' plane. 'l'here would th er efore be a r edistribution of pressure 
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under the pile poi11ts, " ·ith a tendency to r elieYe the prcss nre under 
th e middl e pil es and po;;sibly e\·en t o put th e maximum pressure 011 
th e outside piles. 
This wh ole probl em is cl iffi c· u It to a 11 a lyze, th ough ce l't a i 11 gene ml 
principles should be kept in mind. Th e nature of the settlement is 
not controll ed entirely by th e so il or th e piles. The rigidity or lack 
of rigidity of the stru ct m e has an important influence 011 th e be-
ha vior of th e super stn1 cture, and th e solution of th e pl'obl em m11st 
be based on a consid eration of th e relatiYe rig id ities of t he su per-
stru ctures a nd the fo unda ti on. 
18. T!orizo11la.Z Ji'o rccs a11d !Jattcr Piles 
Sometimes pile fo undati ons a r c nsecl un de r stru ct ures that a r e sub-
j ec-t r cl to extr rn al hori zontal fo l'(:es. Probl rms of thi s kind are often 
mf't in founclciti on c•11gi11 er ri11 g , and th P cl rs ig 11 of th e fo nll(lat·ion 
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r equires ce rtain spec ial consid erations. A structure of thi s kincl is 
t he tall brick ch im n e~· i llustratcd in .F'ig. -W. The o,·er-all climen-
sions of the chirnn e~· ar e sho\\·n in th e fi g ure. 'l'he chimney r ests on 
a r einforced concret e foundation supported by pilin g. Th e m aximum 
allowable load p er pile is assumed to b e 2:) tons. Th e deta il s of th e 
calcul ations are sh o\Yll in Table I. 
Su ch a chimne~· with its fo unda tion would weigh approximately 
500 t . l Tnder full wind load , with tb e wind blowin g horizontally 
aga in st th e chimn e~·. th e re is a hori zontal fo rce. II . a pplied to t he 
ce nter of gravity of the side eleYat ion of th e chimn ey sha f t. 'l'h e t otal 
wind for C'e at a unit prPssu1·e of 22.:J lb iw r sq f t 0 11 th e proj ected 
a r ea of th e chimnc:- would amount to 20. 2.i t . Tlw projected a r ea of 
th e C' hirnn r : · is a trapezo id a ncl th e len' r arm . /,. of th e r esulta n t 
wind pl'essurr is 6R.R ft. measul'Pcl from th e basr of tlw ehirnn e.' · 
shaft. ~i11 <'e th P (' hi1111 w,,· is 011 a <·011 c retc· 111at .+ ft fi i11 . thi c· k. th r 
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total lcYer arm of thr " ·ind pressure abow the pile heads is 78.:3 ft and 
the oYerturning moment. JI, is 148:) ft-t. 
Tl1e ho1·i7.011tal " ·ind f01·ce. l-l. is combined with the dead load. TV, 
into a resultant force . R. which cnts the base of the chimney footing 
at a distance of 2.97 ft from the Yertical axis of the chimney shaft. 
Tl1is is well 1rithin the kern of the base of the foundation. However, 
t1Je design of thr pile foundation is contro lled by the overturning 
moment produced by tl1e hori7.ontal force , JI, due to the wind. 
TABLE I 
C.~L(TLAT!i\" G PILE FOUNDA'I'IO.\'S FOR A 
TALL C HIMNEY 
( I ) \\'eiuht of Chimney and Foundation= rr = .500 Tons 
(2 ) Wind Pressure = If = ( 9 ~-'-:'!_ ) X 1.50 X 22 .5 = 20.25 Tons 
(.3 ) Lr,·rr ,\rm of Bcs ult'lnt \\rind Pressure= 
l = l!l_+<2 X 9))l.'i0 =688F t 
, [ I 5 + 9] 3 . cc 
(4 ) \\"ind :\lornc :it a t Pil e ff cads = 
.If= (68.8 + 4 . ~ ) X 20 .2.3 = 148.5 Font-Tons 
( .5) llarli11s of Hc., ultant I? at Plane of Pil e lfe>d., = 
1 ' - ~- -~-? . y - 11 . - :;oo - -.97 Feet 
(() ) :\"uniber of Pil C'~ = X = .'38 Pi les 
.\" (7 ) ,\l omcn t of Inertia of Pil e Croup = In= ~ny2 = l36J 
I 
.I" 
,, " 
-' '1.'J· (8 ) ~rr ti o 11 :\I odul n~ of Pil e Group = S = - 1- - = ~ = 1.16.1 
.IJm iix JO 
. Ir .If (9 ) P1l " 1.oad = Q = --:\'"" ± S 
.;oo Hs.; 
(! = 38 ± J:'iif/ = l3 2T ± 10 OT 
olll .1 't = + 2-t .1 Ton~ ( Lef'W<Hd Side ) 
Omi n = + 2.3 Ton~ ( \\' indward Side) 
( 10) Horizontal :0-:hea r a t Pile Heads = 
1 
= ~ = 4-0.;)QO = 106.j P0uncls Per Pil e 
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The numb el' and arrangement of piles under such a c11imney 
foundation is determined by a cut-and-try process. In general, the 
dead weight of the chimney accounts for about half of the maximum 
load on the pi les. If the maximum allowabl e pi le load is 25 t. about 
12.5 t 1rill be needed to take care of the dead load. Since the chimney 
ancl its foundation weigh about 500 t, 500 is divided by 12.5, giving 
40 as tl1e approximate number of piles l'equired for the fou ndation. 
Pol' this el1im11 e.'·, it was found that :is pi!rs wo11lc1 be s11fficie nt. 
CIRC. 60. T.EC"l'uHES OX FOU:\DATION E:\G I :\EERl:\G 71 
'l'he piles are usually arl'anged in a symmetrical arra.'· either on 
concentric circles as sho1rn in Fig. 40c or in some symmetrical ar-
rangement in each of the eight segments of the octagon. 
'l'o calculate the maximum pile load that occurs under full wind. 
load, the moment of inertia of the pile group must be determined. 
Ordinarily this is done by laying out a tentative arrangement of piles 
and then scaling the distance from each pile to the axis of the founda-
tion. Referr ing to Fig. 40c, the assumption is made that the chimney 
would overturn about the X-axis. The distance of Pile A from this 
axis is r epresented by y, and the contribution of Pile A to the moment 
of inertia is one pile multiplied by the squar e of the distance, y. The 
total moment of inertia is found by summing up the number of piles 
each multiplied by the square of its distance from the X-axis. 
For the pile arrangement in Fig. 40c it is possible to compute the 
moment of in ertia of the pile group with sufficient accuracy by a 
somewhat easier process. It is known that for a symmetrical figure 
such as the octagon sho11·11 in Fig. 40c the polar moment of inertia 
about an axis through the center of the figure and perpendicular to 
the plane of the paper is equal to the sum of the moments of inertia 
about the X- and Y-axes. The pile arrangement in Fig 40c is not 
perfect!.'· s~·mmetrical 11·ith respect to the X- and 1'-axes. 'l'here are 
4 piles centered on the X-axis, " ·hereas there are 6 piles on the Y-axis. 
However, the calculation will be sufficiently accurate if the polar 
moment of inertia is calculated and tl1en diYided in half to give the 
moment of inertia about the X-axis. The computation of the polar 
moment of inertia is as foll o1,·s: 
4 piles @ 3' x 3' = 36 
14 piles @ 7' x 7' = 686 
20 piles @ 10' X 10' = 2000 
38 piles 2722 
The moment of inertia of the pile group about the X-axis is then ap-
proximate!.'· half of the polar moment of inertia, or 1361. 
For the pile load ca lculati on the section modulus of the pile group 
must be used. This is simply the moment of inertia diYidecl b:v the 
distance to the outermost pile. 'l'he case is ana logous to that of a 
beam subjected to bending in 1\·hich the moment of inertia of the 
cross-section of the beam is cliYicled b~- the clistanre to the extreme 
fibre in order to get the sect ion moclnlus. 
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Th e maximum pile load, Q, is determined by the formula given in 
Table I (9 ) , which shows that th e piles get load from two sources -
th e dead weight of th e chimney, W, and the overturning moment, 
M, due t o wind . ff is divided by the number of piles; Ji by the 
section modulus of th e pile group . 'l'h e use of the plus sign in the 
equation gives the maximum load on the outermost pil e on the lee-
ward sid e. 'l'he minus sign gives th e minimum load on th e outermost 
pile on the windward side. For this cl1imn e.'', th e maximum pile load 
is+ 24.1 tons and t11 e minimum pile load is + 2.3 tons. Both are 
positi,·e quantities , a fact which indicates that th e piles are in com-
pression on both sides of th e chimney under full wind load and that 
th er e is no uplift on the windward side. 'l'his pile load calculation 
shows wh:v it is possible to determin e the approximate number of 
piles by dividing the " ·eight, lr, by half of the allowable pile load. 
The hro terms on th e right-hand side of the pil e load equation are 
approximately equal. If they were exactly equal th e minimum load 
on th e windward side would be zero. 'l'he pile design is alwa.n; worked 
out in su ch a way as to leave a small positive load on tl1 e outermost 
pil e on the windward side. 
Figure 40b is an enlarged sketch of the base of th e chimney and 
th e chimney footing. 'l'h e r esultant, R, cuts the base at a distance, 
y ', from th e verti cal <ixi s. This r esultant can be r esolved into two 
compon ents, W' and II' , which ar e applied at the plan e of the pile 
heads. 'l'h e forces ff ' and Tl' are equal to TV and II r esp ectively. The 
eccentricity of Ir' accounts for th e differ ence in pil e loads on th e two 
opposite sid es of th e chimn e.'-. 'l'h e force JI' is <in external horizontal 
fo rce produ ced by th e wincl; such an external force has to be r esisted 
b.'- an exte1·nal rea ction of some kind. In th e case of this chimn ey 
fonncl <i ti on. some external hori zontal r eaction might b e furnished by 
th e fo rce. E. " ·hi ch is th e eal'ih r es istance. Ilo"·ever. th e earth ar ound 
1h e chirnn e.'· miµ·ht be loose ba ckfill which could not be co unted on 
to p1·ovicl e a n.'· r eac t io n. Jn such a case all of th e ex ternal for ce. H ', 
\1·ould ha w to be r esisted b.'· sl1 ea 1-, I'. in th e pil e hea ds. Rin ce II' is 
equal to TT. or 20.2.) t ons. a n<l s in ce th ere are :18 pil es in th e chimn ey 
foundation. th e aw r<ige hol'i zo ntal slwai· in th e pil e heads is ;:ibout 
1,06;) lb p er pil e. 'l'his is not a \"C r.'· heav.'- load to appl.'· to th e l1 ead 
of <i pil e tlrnt is <'ompletel.'- embeclclecl in th e gro1111cl .. \]m ost an.'· 
ki11cl of pil e conlcl s<ifel.'· bik <' tl1at lllli(·h hori zontal thrust at th e pil e 
h e<i d . 
'l'h e impol'tant thing in tl1 e cl es ign of thi s f·himn ey fo11ncl<itio11 is 
th a t th e des ign is ('011trol](' cl Hlrnost enti1·el.'- h.'· th e OYC' rturning 
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moment due to the wind. The shear in the pile heads is not Yer.r large 
because of the numb er of pi les that are r equired to r es ist the over-
turning moment. 'l'he desig n is similar to that of a long beam in 
which the design is controlled largely by the b ending moment rather 
than b)· the shear. 'l'h e chimney foundation is comparativel)- safe 
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against sliding wh en a suffi cient numb er of piles is used to r esist the 
overturning moment. 
In some other types of stru ctures subj ected to horizontal for ces, 
th e situation with r espect to overturning and slidin g is r ever sed. Such 
a structure ( Fig. 41 ) consists of a dam and a pair of locks built in 
a river bed as shown in Fig . .J.la. 'l'h e middle wall betwee n the locks 
would be subjec ted to a la l'gc horizontal thrust if T1ock 1 were fill ed 
74 ILLIXOLS EXGIXEERIXG EXPERl~LEXT STATIO N 
with 'rnter to th e leYel of th e upper pool whil e Lock :2 was filled with 
water only to th e leYel of the lo\Yer pool. A cross-section of the middle 
wall (Section A-A ) is shmrn in Fig. 4lc, and a plan of the wall is 
shown in Fig. 41b . 'l'h e calculation s for this structure are giYcn in 
'l'able lT. The dimensions of the structure are shown in the figures. 
TABLB II 
CALCl:LATL XG P11. E F oexoATlOXS 
FoR A L ocK \\- ALL 
( I ) P'= ~ = 62 . .5X6 X 6 =112.; >/ft 
2 2 
(2 ) p = ,,~, , = 62 . .5 x :4 x 2~ = 18,000 #/ft 
(3) fl = P - P' = 18,000 - 11 25 = 16,87.:; '/ft 
(4 l rr = 2 1 ft x 30 ft x 145 i/ft' = 01,soo •/ft' 
(5) , .= 8P-2P' = 8X18,000-2 X l125 = 8 'f 
·' fl 16,875 . ~ t 
(6) M = fl X X = 16,875 X 8.4 = 141 ,7.50 ft </ft 
(7) y = ~ = 141,7.50 = 1 ·5 f IV 91,500 .v t 
Calculation for Slice 3 Feet Thick (mm-nn ) 
<8) 11"' = 3 x 91,500 = 274,500 i' 
(!l) fl ' = 3 x 16,875 = 50,625! 
( 10) .lf' = 3 x 141,750 = 425,250 ft Ii 
( I l ) N =]\;umber of Piles in One Row= 7 
N 
( 12) ) ·foment of Inertia of One Row of Piles = l u = ~ny2 
2 Piles @ 3' = 18 1 
2 Piles @ 6' = 72 
2 Piles @ 9' = 162 
252 
. . ~ fllj2 2.52 (13) Section ~lodulus of One How of Piles = S = Ym~ :s: = - 9- = 28 
( 4) l"l 1 d _ Q _ ~ ~ _ 274, .500 _,_ 425,250 I ' c .oa - - S ± S - 7 ~ 28 
Q = 19.6T ± 7.6T 
Q,, , • • = + 27.2 Tons 
O min = + 12 .0 T ons 
( 15) H orizont:i l Sh ea r at Pile Heads = 
_ II' _ .50,625 _ 7239 "/ P.l il - --..,~ - - 7-- - - .,,_ I C 
The structur e is subjected to a thrust, P, from the upper pool and 
a much smaller thrust. P', from the lower pool. The difference be-
tween these is a horizontal thrnst, 11, tending to overturn the wall and 
push it to,rnrcl the left. 'l'h e horizontal thrust, II, amounts to 16,875 
lb per lineal foot of mill. The " ·eight , 11", of the \rnll itself is 91,500 
lb per foot of m :1ll. lf is applied at a point 8.± ft above the river 
bottom. 'l'he oYcrturning moment. Ji. due to JI , amounts to J-U,750 
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ft- lb per lineal foot of wall. H and 1r are combined into a resultant, 
R, whi ch cuts the base of th e wall at a distance 1.55 ft from the center 
line. 
The arrangement of the piling under the wall is sho"·n in Fig. 41b . 
There are 7 parallel lines of piles und er the wall, and the piles a re 
spaced 3 ft on centers each way. The maximum allmrnble load per 
pile is assumed to be 30 t. 
Items 1- 7 in Table II are computed for a vertical slice of wall 1 
ft thick. Since the rows of piles across the wall are on 3-ft center s, 
it is conveni ent to compute the pile loads on the basis of a slice of 
wall that is 3 ft thick. In other " ·orc1s, each 3 ft of wall is supported 
by a row of 7 piles, as r epresented by Section mm-nn on l:;iig. 41b . 
Referring to Table II (8 ) , the weight, 11"', of 3 ft of \rnll amounts 
to 274,500 lb. The horizontal thrust, H', on 3 ft of 'rnll is 50,625 lb ; 
the overturning moment, M', on 3 ft of wall is 425,250 ft-lb. For this 
structure it is also necessary to compute the moment of inertia of the 
pile group - a computation that is much easier than in the case of 
the chimney. 'l'he center pile of the row of 7 piles is on the center 
line of the wall, so that it does not contribute to the moment of in er-
tia. 'l'he other 6 pil es in the row have a moment of inertia amounting 
to 252. The section modulus of the pile group is the moment of inertia 
divided by the distance to the outermost pile; in this case the section 
modulus is 28. 
The pile load is computed from the formula shmrn in 'l'able II (H ) . 
For this structure the dead load contributes 19.6 t to the total pile 
load; the live load , 7.6 t. The maximum load per pile is + 27.2 t on 
the pile at the left-hand encl of th e ro"·· Th e minimum load is + 12.0 t 
on the pile at the right-hand end of the row. 'l'hese pile loads ar e both 
positive, which means that all the piles are subjected to compression 
and there is no uplift due to the overturning force. 
However, as shown in 'l'ab le II ( 15) , the horizontal shear in the 
pile heads under this structure amounts to 7,232 lb per pile. This 
amount of horizontal thrust at the pile heads may be dangerous even 
though the piles are completely embedded in the ground. 
Th e difference bebYeen the chimney foundation and the lock wall 
foundation is reaclil~· und erstood from these ea lculations. \Vh en the 
chimn ey foundation has been so designed that it is safe against over-
turning, it is almost certainly safe against sliding. \Vhen the lock \rnll 
foundation has been so designed that it is safe against overturning, 
it is not necessarily safe against sliding. The lock wall is comparable 
to a deep beam on a very short spa n " ·here t he design of the beam 
is often co ntrolled by shca l' rather than h~- bending moment. 
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'l'he problem represented by Fig. 41 has been the subj ect of con-
siderable experimentation . On th e l\1ississippi RiYer at Alton the 
Corps of Engineers of the U. S. Army made a number of full-size 
tests to determine what horizontal loads could safely be applied to 
the heads of vertical piles completely embedded in soil. The problem 
has also been investigated theoretically on the basis of assumptions 
represented in Fig. 42. 
As shown in Fig. 42a it is sometimes assumed that the pile would 
pivot about a point somewhere along its length. <11 l It is evident that 
the pile could behave in this manner only if it were absolutely rigid 
with respect to the surrounding soil. Since all piles are to some extent 
flexible, some bending must occur under the action of th e horizontal 
force at the pile head due to the resistance of the surrounding soil. 
~YlkWkY'~%J~m~~mv>&mx:\,:4fM>11FW< 
. \ ;, II 
II 
II 
(c) 
FHlURE 42 
Anoth er assumption is r ep l'ese nted in Fig. 42b <12 i - the assump-
tion that the lower end of the pile is clamped in the soil a nd that the 
upper encl of the pile would bend into a reYerse curve as shown in the 
figure. This analysis " ·as developed to check the tests made by the 
Army Engineers at Alton. In those tests the upper ends of the piles 
wet'e embedded in concrete to such an extent that the tangent to the 
elast ic cune at the top of the pile remained practically ,·crtical. 
~\_ third approach is illustrated in Fig. 42c. i 1 3 i In this method it 
is assumed that the pile " ·ou lcl beha\'e like a beam on an r lasti c founda-
tion. The theory leads to tlie co nclusion that the pile would deflect in 
tl1c form of a clamped si ne wa,·e, with the amplitude of tl1e waw de-
creasing rapidly as th e depth increased. 
The theories that have been proposed for analyzing this pl'obl em 
arc b~· no means ready for general use in foundation design. 811ffieient 
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expel'imental information to cheek them for various kinds of piles 
and various kinds of soil conditions is not yet a rnilable. Ace;ordingl~·, 
wheneYer the heads of piles arc to be subjected to horizontal forces 
of considerable magnitude, as in Fig . .n, it is necessary to resort to 
the use of batter piles. Horizontal forces amounting to a few hundred 
pounds or, at the most, 1000 lb per pile, can usually be applied safely 
to the heads of vertical piles completely embedded in soil. For larger 
horizontal forces, the vertical piles cannot be depended on to pro-
Yide sufficient resistance without excessive horizontal movement. 
Figure 43 represents what is meant by a batter pil e - a pile 
driven into the ground on a slope instead of vertically. The assump-
tion is usually made that th e pile driven on a slope could resist the 
H=Psin ¢ 
V=Pcos¢ 
FlGURE 43 
4 1 
same axial load that would be resisted b:- a wrtica l pile of the same 
shape and size clriYen into the same soil. In Fig. 43, the axial load 
is P, which acts at an angle cp with the yertical. 'l'his axial load may 
be di\'ided into horizontal and vertical components as shown in the 
figure. The horizontal component, H , proYides the reaction for ex-
ternal horizontal forces applied to the pile head. 
'l'he design of a structure which is subjected to external horizontal 
forces must include a study of the problem of proYiding proper reac-
tions for these forces. A fc"· strnctures of this kind a re shO\nl in 
Figs. 44, '15 , and 46. Figure H r epr esents a bridge abutment sub-
jected to a horizontal thrust, IT. due to an approach fill. 'l'h e effect of 
this thrust is to apply horizontal shear at the pile heads, as illustrated 
in Fig. 44a. ·when these horizontal shears arc of any co nsiderable 
magnitude, it is customary to use batter piles as shown in Fig . .f.fb. 
Figure 45a represents a higlnrn)' trestle supported on piles ex-
temlinir above the ground lin e. Such a structure might be built across 
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a st1·eam bed and might be subjected to a horizontal thrust due to 
floating ice or other objects piling up against the trestle on the up-
stream side. Such structures are often swaybraced as shown in Fig. 
4fia, but swaybracing does not always provide proper resistance 
agu i11 st a large horizontal thrust such as II. 'l'he swaybracing will 
eansc all the piles in the bent to act together. However, since II is 
I 
I 
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external to the structure, some external reaction must be provided to 
resist H. 'fhis external reaction is derived from the shearing resist-
ance in the piles at the ground surface. When FI is of any consid-
erable magnitude the trestle should be designed with batter piles as 
shown in Fig. 45b. 
Figure 45c shows a side view of a similar trestle which might be 
subjected to horizontal forces in a longitudinal direction due to the 
tractive effort of heavy vehicles on the roadway. Swaybracing will 
help to stabilize the structure by tying the bents together, but the ex-
ternal horizontal thrust will put shear in the piles at the ground line 
unless the ends of the trestle are braced against abutments or other 
practically rigid structures. 
Figure 46 illustrates another type of structure in which there are 
horizontal forces in the foundation. This is a rigid frame bridge. 
The lower ends of the vertical legs of such bridges are sometimes 
made with hinges as shown in Fig. 46a, and are sometimes fixed in 
the footings as shown in Fig. 46b. In either case the load, P, tends 
to spread the bottoms of the legs outward; a horizontal reaction di-
rected inward must be provided to resist this thrust. When such 
structures are built on pile foundations, batter piles are customary 
(Fig. 46c), in order to resist the horizontal thrust at the pile heads. 
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Various methods are availabl e for designing batter pile founda-
tions, some algebraic and some graphic. 'l'he chief contributors haYe 
been Danish and Swedish engineers. In nearly all cases the design 
of the pile foundation is a complicated problem in statically indeter -
minate structures. <1 • 1 
Anchor 
Pull ~OTi. <::: IOTons <> -~ ~ "' <;::. <::. "' ~ ...._ ~ 
(a ) 
(b) 
DlDIDl 
Hinqed Hin>1ed Top Fh:ed 
Both Ends Fixed 8ottom 8oth Ends 
(c) 
FJGt;Jn: 41 
Figure 47a illust rates th e simplest type of problem i11Yolving bat-
ter piles. It repr esents an anchorage subjected to an an chor pull of 
10 tons. A pair of batter pil es sloping in opposite directions is used 
to resist this pull. \Vh en th e line of action of the anchor pull and the 
longitudinal axes of the pair of batter pil es meet at th e same point 
the problem is statically determinate. The compression in the front 
pile and th e tension in the back pile ca n be determin ed by a simple 
force diagram, as shown in the figure. 
For more complex structures involYi11g many piles the design 
problem and th e determination of pile loads are mor e difficult. To 
ana lyze struetures of th e type shO\rn in .F'ig- . -J./b sen' 1'<tl approxi-
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mate methods have been deYeloped. 1\fost are graphic methods based 
on the use of force diagrams. A procedure of this kind ( Culmann 's 
method ) is illustrated in Fig. -l7b. Th e structure is a marginal wharf 
with a platform supported on vertical piles and on batter piles. The 
batter piles are sloped in t\rn directions. 'l'here are -1 vertical piles 
at the front of the platform, 6 batter piles sloped upward to the right, 
and -1 batter piles sloped upward to the left. To draw a force diagram 
for this pile arrangement, it is necessary to consider each of the three 
groups of piles as a singl e dummy pile located at the center of gra,·ity 
of the group . For the 4: Yertical piles, th e lin e .A1l ' r epresents a 
dumm.'' pile at th e center of gravity of the group. For the 6 batter 
piles sloped up,rnnl to the right, th e clumrn.'' pil e is represented b.'· 
the lin e BB'. For the other 4 batter piles, the dummy pile is repre-
se11tecl by th e lin e CC'. 
The structure is subjected to a Yerti cal load , l7, a nd a horizontal 
thrust, II , \\·hich are combined into a r esultant, R. The line of action 
of this r esultant is produced until it intersects the line AA'. 'l'he lin es 
of action of the dummy piles representing the two groups of batter 
piles intersect at a point above th e platform , a nd the line DD' is 
drawn through these two points of intersection. 
The force d iagram at the right of the figure is then constructed 
graph i cal!~- b~· means of Yarious lin es on th e figure. 'l'he construction 
is started by choosing a force seale and then clrawi ng th e force tri-
angle consisting of the forces r and JI and their resultant, R. 'l'hrough 
the point, M , at the lower end of V, the line DD' is drawn par allel to 
the lin e DD' on the other diagram. Th e vertical li ne, NP, determines 
th e load in the dummy pile AA'. 'l'he line PQ is drawn parallel to 
the dumm~- pil e BB', and MQ is drawn parallel to the dummy pile 
CC'. These two lines intersect at Q. The length of ,lJQ determines 
the total load in the 4: batter piles that slope upward to the left: the 
length of PQ determines thr total load in the 6 batter piles that slope 
upward to the right. Th e assumption is made that each pile in each 
of the three groups is equally loaded; th e line NP is ther efor e divided 
into four equal parts, the line PQ into six equal parts, and the line 
111Q into four equal parts to determine the load per pile. The -1: Yerti-
cal pil es and th e 6 batter pi les which slope upward to the ri ght are 
under compression. The oth er 4: batter piles are subjected to tension. 
'l'his is only one of several graphi e methods used to a nalyze pile 
foundations of this kind. 'l'he grap hi e anal.'·sis is limited to cases in 
which there are not more than three pile directions. \Vhen there are 
more than three, it is necessary to so compound the pil e g roups as to 
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reduce the directions to three. 'l'he graphic methods are often re-
ferred to as approximate methods in comparison with some of the 
elaborate algrbraic methods deYeloped more recently. 
Figure -l-7c illustrates a 'rharf strncture \\·ith the same pil e ar-
rangement as Fig. 47b. The algebraic methods used to determine 
the pil e loads are based Oil three assumptions, shown at th e top of 
Fig. 47c, \\·ith respect to the end conditions of th e piles: a) piles 
hinged at both ends; b ) piles hinged at the top and fixed at the bot-
tom: and c) piles fixed at both ends. 'I'he concrete platform on top 
of tl1e piles is assumed to be rigid and the points of the piles are 
assumed to rest on a rig·icl base. The analysis is carried out as a 
problem in statically indeterminate structures, with the piles con-
sidered as a series of free standing elastic columns. 
'l'he lomn· diagram in Fig. 47c sho\\·s a structure of this kind 
displaced by Yertical and horizontal loads. The piles at the front of 
the platform are displaced downward and outward; those at the 
rear. upward and outward. 'l'he axial loads in the piles of any one 
group are not necessarily equal, as was assumed in the graphic analy-
sis of Fig. 47b. 'l'he axial deformations of the piles in the various 
groups are not necessarily proportional to the pil e loads, as is as-
sumed in the algebraic analysis. Piles subjected to tension behave 
differently from piles subjected to compression even when the piles 
are of tl1e same shape and size and are driven into the same kind of 
soil. All the piles slide axially through the soil to some extent. and 
the lower ends are not rigidly fastened down as is assumed in th e 
algebraic analysis. ·when th e horizontal load is applied to the struc-
ture, any tendency of th e pile heads to deflect horizontally would 
be resisted b:v the soil in front of the pile. Neither the graphic nor 
the algebraic methods of analysis take this resistance into account, 
though the resistance of the soil to lateral displacement has an im-
portant effect on the behavior of the structure. 
If a problem of this kind were to be set up in such a way as to 
take into account all variables, including the soil, the problem would 
be staticall~' indeterminate to such a degree that it would be prac-
ti ca l!~- impossible to develop a rigorous solution. The designer must 
therefore make simplifying assumptions to reduce the problems to 
one for 'd1ich some reasonable solution can be obtained. In some cases 
designers haYe gone so far as to assume tlrnt the structure should have 
enough vertical piles to resist all of the wrtica l load and enough 
batter piles to rrsist all of the horizontal load. Thi s is an unneces-
sarily consen ·atiYc assumption ancl p11ts an excess i,·e numb er of piles 
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in the foundation. All the piles as well as the surrounding soil must 
act together in some way that will satisfy the principle of least action. 
The batter piles will resist some of the vertical load, and the vertical 
piles will r esist some of the horizontal load. 
·whenever a pile foundation is being designed for a structure sub-
jected to horizontal forces, it is necessary to determine to what extent 
these forces will be transmitted to the pile heads. When the horizontal 
shear at the pile heads amounts to a ton or more per pile, it is de-
sirable to consider the use of batter piles in the foundation rather 
than to depend on vertical piles to resist these horizontal shears. 
All the various methods available for designing batter pile founda-
tions are based on certain simplifying assumptions. Each designer 
will have to choose the method he considers best suited to the prob-
lem being analyzed, but should keep in mind the assumptions on 
which the method is based. 
Ground Svrrace 
FIGURE 48 
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14. Uplift R esistance 
Some types of structures are subjected to uplift forces under cer-
tain conditions. Figure 48 represents a reinforced concrete settling 
basin in a water filtration plant. The basin is built on a pile founda-
tion. It is common practice to build such structures below the ground 
surface and to cover them with a few feet of earth fill. The base of 
the structure is well b elow the natural groundwater table. ·while the 
basin is full of water the load on the piles is a downward load because 
the external hydrostatic head is balanced by the water in the basin. 
When a basin of this kind is empty, it is often so light that it tends 
to lift off its foundation on account of the hydrostatic head, h, from 
the groundwater table down to the base of the structure. A unit up-
ward pressure, p, is exerted under the entire bottom of the structure. 
When such a structure is supported by a pile foundation, it is 
necessary to make sure that the piles are properly connected to the 
structure so that the joints can resist tension. It is also necessary 
to make sure that the piles are well fastened in the soil so that they 
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will not lift out of th e ground . In addition, the bottom slab of the 
structure must be designed for this upward hydrostatic pressure. A 
similar situation often exists in deep basements and in structures 
set deep i11 the ground , well below the natural groumlwater table. 
Another type of structure on which there are uplift forces in the 
foundations is illustrated in Fig. 49. This is a waterless gas holder 
consisting of a comparatively light steel framework and a steel shell 
fill ed with gas and air. Under heavy wind forces, such a structure 
tends to onrturn. Because the structure itself is so light, there are 
often uplift forces on the foundations npon the windward side. ·when 
pil e foundations are used und er waterless g-as J1olders of this type the 
usual procedure is to test the pil es for uplift to make sure they can 
resist the uplift forces that will occur under fu 11 wind load.<15 • 16 l 
'l'he uplift resistance of pil es is usually co nsiderably less than 
their bearing capacity. ·whenever the uplift force amounts to more 
than a few tons per pile, it is desirable to determine th e actual rc-
sista nee by an uplift test in th e fi eld. 
15. &tab?"lity ancl Buckling 
Building codes and specifi cations often se t up requirements about 
the maximum allowable ratio of length to diameter of lon g slender 
piles and piers, to guard against failure by buckling. However , such 
requirements are often purely arbitrary and in most cases entirely 
unnecessary when th e pile is completely emb edded in soil. Almost 
any soil is stron g enough to stab ilize a long slender pile against buck-
ling under the working loads commonly used. \Vhen pil es are driven 
as friction piles there is no danger that they will buckle as long col-
umns, and there is no reason even to consider column action in the 
pile. 
This ca n be demonstrated theoretically <17 J and has often been 
prowcl b.'· field tests. J:,o ng steel piles such as II-beams driven throug-h 
soft clay to bearing on hardpan haYe been loaded to fai lure, but 
fa ilure occurred by fl ange crippling at the ground surface and not 
by buckling as a long column. Concr ete piles driven under the same 
conditions fa il ed by diagonal shear at the ground surface, with no 
indication of long column bu ckling. 
\\11 en piles extend ahoYe th e gToLrncl snrface. as i11 a trrstlr-t.qie 
stru cture. they are designed as column s. 'l' he end cond iti ons at the 
top of the pile will be determined by the manner in which the pile 
is joined to the snpcrstructm e. It is usually assumed that snch piles 
are fixed at a point 5 ft below th e gro und surface in hard so il s and 
JO ft br low the surface in soft soil s. 
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16. Pil c-DriL·ing F orm ula s 
Th e c1:·1u1mics of pil e clriYing is probabl.Y the most t:ont ron•rsial 
subject in the whole fi eld of pile foundations. Engin eers have been 
trying for oYer a hundred years to develop a d:·namic pile driving 
formula that will determine the static carrying capacity of a pile. 
A d.'·namic formula attempts to determine the bearing power of the 
p ile from its behaYior during driving. The terms that appear in all 
formulas are the tlriYing energy supplied by the hammer am1 the 
average penetration per blow during the last few hammer blows. ~orne d.niamic form n la s conta in terms for the " ·eight of the pile, its 
cross-se<.:tional area, its length, and the modulus of elasticity of the 
material of " ·hich it is t:omposed. Thr purpose of t hese terms is to 
take into acconnt th e energ,\' that is lost during impact of the ham-
mer on the pilr and is th r refo re not aYailablr to pro(lllt:(' penetration . 
Th e fo rmula most commonl y use<l in this t:onn ti·:· is the Engineer-
i ng-s-~ rws F'ornrn la . For single-ad i 11 g steam harnmr rs , th is form n la 
is writt r n as follows. 
fiG 
>Yherein 
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2Wh 
P = ---
s + 0.1 
P = safe load in pounds 
W = weight of falling parts in pounds 
h = drop of falling parts in feet 
s = final penetration per blow in inches 
( 4) 
When the formula is used for drop hammers, the constant 0.1 is 
changed to 1.0. Wh en it is used for double-acting steam or air ham-
mers, the term 2lVh is replaced by 2E, in which E is the rated energy 
of the double-acting hammer obtained from tables prepared by the 
hamm er manufacturers. The formula as \ITitten contains a safety 
factor of 6. 
Other dynamic formulas are much more complicated. Because of 
th eir complexity, they look authoritative, but it is a well-known fact 
that they are no more accurate than the simple ones. For a given 
set of conditions, three or four different pile driving formulas will 
give three or four different answers that may differ from one another 
by seYeral hundred percent. 
·with the development of mod ern soil mechanics during the past 
twenty-five years, the whole problem of dynamic pile driving form-
ulas has been the subject of much discussion. <18 • rn) It is generally 
agreed that a dynamic formula can be expected to provide satisfac-
tory results when a pile is being driven into granular soils such as 
sands and gravels. When friction piles are being driven into deep 
beds of plastic soil, the dynamic formulas can easily give very unsat-
isfactory r esults, because the formula cannot be expected to take into 
account the possibility of area subsidence due to compression of the 
soil below the pile points nor to solve the problem of pile group 
action. 
Nevertheless, for practical r easons it is necessary to have some 
means of deciding when to stop driving a pile. It is believed that most 
engineers decide this question on the basis of experience. Experience 
has taught engin eers that certain minimum driving resistances are 
necessary with hammers of certain sizes in order that the piles will 
carry certain loads, and fi eld control of the pile driving operation is 
determined on this basis. 
Because of the un certainty th at exists as to the r elationship be-
tween the dynami c driYing r es istance and the subsequent static ca rry-
ing capacity of th e pile, some engin eers have dewloprd formulas for 
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the carrying capacity of the pile based on static considerations. Most 
of these static formulas are derived on the basis of th e classical earth-
pressurc theori es, and some are rather elaborate. 
To use these static formulas, the shape and size of the pile and 
the physical properties of the surrounding soil must be known. The 
necessary information about the pile itself is ahrnys available. The 
determination of the physical properties of the surrounding soil is 
difficult: the driving of the pile usually produces changes in the 
physical characteristics of the soil, and it is therefore necessary to 
know the soil characteristics after the pile is in place. 
Methods are being developed that are based on laboratory t ests of 
the soils into which the piles are to be driven. Soil samples are se-
cured in the field, and tested in the laboratory for frictional resist-
ance and shearing strength. The laboratory test results are used to 
compute the bearing capacity of a pile of given shape and size. The 
usefulness of such methods has not yet been fully demonstrated under 
a wide variety of soil conditions. 
~--------------
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VI. STRESS D1 s'mrni:;·r10N BELOW Fou~DATIONs 
17. Pressure in Pla-ne of Contact 
A fundamental problem of foundation engineering is to determine 
the probable settlements that will occur when the load of a structure 
is applied to soil. Jt is necessary to kn o" · what stresses are generated 
in tl1 e soil by the loads. The problem may be divided into two parts 
- t11 e distribution of press ure in the contact plane between the foun-
dation and th e soil ; and the distribution of stresses in the soil at vari-
ous cl ep th s belo"· th e foundatio11. 
Elaslic 
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J<'JGl: RF: ;)Q 
'l'he first part of the problem has been inYestigated theoretically 
and experimenta!Jy. T11 e theoretical investigat ions are based an that 
part of the theor~- of elasticity which deals with the pressures that 
occur in the p lane of contact wh en two elast ic bodies are pressed 
together . In gener al. the distribution of pressure depends on the rela-
tive elastic properties of the two bodies. For example, if a perfectly 
rigid circular die is pressed against the surface of an elastic solid, the 
distribution of pressure in the plane of contact is that illustrated in 
Fig. 50. 'l' he pressure under the edges of the rigid die is theoretical I.\· 
infinite, while the pressure under the ce nter is equal to one half the 
average pressure. Th e surface of the elastic solid is depressed so that 
the displacement is uniform under the die, and the surface r emains 
plane and horizontal. Beyond the perimeter of the die the entire sur-
face is depressed into a sa ucer-shaped depression, th e displacement 
tapering off to zero at an infinite distance from the die. Theoretical 
solutions for the pressures and the displacements a re available fo r 
various types of surface load dist ribution s. .All r equire the assump-
tion that the bodies in contact are ideal elast ie material. Actual so il s 
l1o not satisfy this assumption. 
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}lany experim ents have aimed at determining the distribution of 
contad pressure between loaded plates and soils of various kinds. 
Tests haYe been made on soils ranging from loose, dry sand to hard 
ela~· , with t est plates ranging from perfectly rigid dies to very flexible 
plates. Faber's experiments illustrate the difference in behavior be-
tweeu sands and clays with loads applied to the surface and with 
loads applied at a depth below the surface. (20 l 
The r esults of Faber's t est s are illustrated in Fig. 51. 'fhe test 
plate he used , though not a perfectly rigid die, was very rigid with 
respect to th e soils that were loaded . Fig. 51 a shows the r esults of 
a load test on sand ,\·ith th e load at the surface. Th e pressure in the 
contact plane was a maximum under th e ce nter of the plate. and 
ther e was almost no pressure on the soil under th e edges. 'fhis is a 
ver~- different pressure distribution from that shown in Fig. 50; the 
difl:'erence is c1 ue to th e fact that th e sand could not r es ist tensile 
stresses and tended to escape from under the edges of the test plate, 
leaving the sand under th e center of the plate to carry most of the 
load. ·w11en the sand surrounding th e test plate was loaded with a 
surcharge (see Fig. 4 ) , the pressures in th e contact plane were those 
shown in Fig. 5lb. Th e tendency of th e sand to escape from und er 
the edge of the plate was r esisted by the surcharge, and the pressure 
was more uniformly distributed under the plate, though it was still 
greatest under the ce nter and least under the edges. 
'fhe results of: s imilar tests on cla:v are shown in Fig. 5l c an1l l<' ig. 
.J ld. When th e load wa s applied at th e surface of the clay, the dis-
tribution of pressure in the contact p lane was that shown in Fig. :)lt, 
\\·hi ch is seen to be simil ar to Fig. 50. ·when large loads were applied 
to the plate, high pressures were measured under the edges of the 
plate. Pressures under the center of the plate \\·ere some,Yh at Jess than 
the average. 'fhis is clue to the ability of the clay to resist shear arnl 
some tension. ·when the clay surrounding the test plate \\-c1s loaded 
with a sur charge. the pressures under the edges \\·ere reduced as shO\Yn 
in Fig 5ld and the distribution of p r essure ,\·as more uniform. 
Tnfornrnti on about the distribu tion of pressure in the contact p lane 
between a footing and the so il is necessary fo r the deterrn iuat ion of 
the benclinµ- momen ts to ,\·hich the loaded footi ng would be sub jt'ded. 
llo\1-eYer. Faber has inwstigatecl the probable bending moments that 
co11lcl be ex pedecl on the basis of hi» experiments. 'L'h e resnlts of" his 
caknl at ions are shown in Fig-. .J:2. For the id eal pressure distribution 
011 sa ncl . thr maximum benclinµ: moment in an iso latrd column foot in l! 
or a wall foo tin µ- is somrwlrnt lrss than that inocl1w r<l un<lrr thr nsnal 
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(c)- Blue Clatj Test, No Surcharqe 
Surcharqe Surcharqe 
l.46Tons ~!.46T=s 
per sq. f'f. per sq. rt. 
. .UJJ,,1.k JliJJL 
Mean Pressure 
I,,... Y I I I I Over Whole Base I "e,. ~ 1 
In TOns per stJ- rt. 
9 1..--L~--'-~J.---'~-'--~...L-~L--"-~~~...L---'~-' 
(d) -Blue Clay Test, Surcharqe 1.46 Tons per sq. ff. 
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assun1ptions of n11ifor111 distributi on. For the id ea l pressure d ist ri-
bution 0 11 c lay. th e maximum bendin g moment is only s lightly grPater 
than tlt e rnom e11t du e to uniform distributio11. Th e r e lati1·e ri gid ities 
of' a11 <idual footing a11cl th e so il 0 11 \\'ltich it 1rns fou11decl \\'Ouid be 
:-; i11 1ilar to th e r e lati1·e rigidit ies of t he test plate a11cl tli e so il i11 F abpr's 
ex pe rime11ts. lt ca n be see n from his results that be 11di11 g m o11w11ts 
in iso late<l rn lumn footi11gs and \\'all footings computed 011 tlt e 11s;.:11111p-
t io11 of uniform pressure cli stTibution 1\'0n!cl J1ot be se rio11sly in l'JTor 
e ii lt c r 011 sand or 011 clay. 
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(b)-ldeal Distribution on Clay 
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J H. 81 rcsscs i11 th e 811/Jsoil 
In formation 011 th e distribution of strc·ssps in t he soi l at 1·a ri ons 
cl cpth s belo\\' the foundation is n eeessar .1· for sett lement a11a l.1·sps in 
probl ems \\'here th e cause of th e sett lement is the compress ion of deep-
s0atecl soil strnta. The mathematical method s of st ress cli st ribntion 
i11\'0h·e th e use of differential equat ions, bnt th e r esnlti11g formulas 
for th e stresses <ire compara t i1·e l.1· s impl e. 
Th e basic soluti on for the stress distribution in a sc•mi-infinite 
<' la st ic isotropic so lid loaded with a point load appli ed w r ticall y to 
its pla ne hori zontal bounda ry \\'as d erived b~· th e Frenelt math ema-
ti cian , .J. Bonssin esq. ("1 1 Th e p robl em is ill11strat0c1 in Fig. ;)3a, in 
11·lti('lt a point loa d, P. is app li ed to th <' snrfa('e of a s<•111i-i11fi11ite so li d . 
. \ th rec-cl inw ns iona l 1·c•da ng n lar coonl i na te s: ·stem is Psta hi ish C'd 1rith 
C l RC. 60. 
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the or 1g111 at the point of application of the load. The XY-plane is 
the horizonta l boundary of the solid, and the positive Z-axis is directed 
downward into the solid. The problem is to dete rmine the 11 ormal 
stresses and the sh ears at any given point in the solid wh ose yector 
distance from th e origin is B. J<~ i g ure 5:Jb shows the three n ormal 
stresses and the three pairs of con.iugate shears on the far:es of a 
small elementary parallelc11i peel at th e end of the Yector R. Th e nor-
mal stresses have a single subscript; th e sh ears haYe doubl e subscripts. 
z 
J<'IGCR~~ .'i3 -'" 
Plane bovnclar(I or 
semi-infinite solid 
x 
Pz 
P,r.:...,_ 
J'Prq tPxz 
~Pqz 
J-;o7 fty 
/PX!! 
~'IGL'JH: :;;{ II 
II 
Px 
For a settlement ana lysis t he onl y str ess that need be consider ed 
is the yertical normal str ess on horizontal planes and this stress is 
g ive n by the equation 
3Pz' (5 ) 
p, = '27rR'' 
Figure 54a is a graphic rep resentation of the yerti cal stress on a 
h orizontal plane as comput rcl from Equation ( ;J ) . Th e maximum 
str ess occurs imrnecliatel:' under th e load, and the intensit:- of the 
stress clecre<ises rapicll:- in r e1atiYel:· short horizontal distane<'s. 'rhe 
st r ess b ecomrs zero <it infinite h orizontal di sta n ces from the point of 
app li c·atio 11 of th e loacl. so that th e stress surfa ce on an:· hori zontal 
plan e is a bell-shapecl sn rfare with th e rim of th e b ell exte ndin g ont-
warcl to infinity in all direct io11 s. Figure 54b is a g raphic r C'presenta-
tion of the C"o11tonrs of cq11al YC'rti('al 11rPssures i11 th r snhsoi l. 111 
~-----------........... 
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three dimensions the surfaces of constant vertical pressure are bulb. 
shaped sul'faces, often called pressure bulbs. 
'l'he derivation of Eq nation ( 5) is based on certain assumptions 
which are rarely satisfied in actual foundation problems. One is that 
the elastic solid is homogeneous ancl isotropic to an infinite depth. 
Actual soi ls arc usuall>- stratified, " ·ith hard layers and soft layers 
lying one OYer the other; and in most places on the earth solid rock 
or some other practicall>· incompressible material is found at depths 
\1hich are of the same order of magnitude as the horizontal dimensions 
of a good-sized structure. Because actual soil conditions do not satisfy 
'""'"*__L.,,,,_,, 
p 
(a) (b} 
FIGURE 54 
the basic assumptions on which Boussinesq 's analysis was made, vari-
ous modifications of the stress analysis ha Ye been developed. 
One of the first of these was the introduction of a quantity called 
a concentration factor. In an effort to check the results of a consid-
erable number of small scale load tests, John II. Griffith <22 > and 0. K. 
Froehlich <23 > clenloped equations for the stress distribution which 
included the concentration factor. <241 M. A. Biot derived a stress 
equation for the case in which the soil rests on a rigid underlying-
bounclary. <2 ;; i Biot 's equations for point loads l1ave been integrated 
for distributed loads and it has been shown that the Griffith-Froehlich 
concentration fa ctor can be consiclerecl as a boundary effect brought 
about by th e conditions under \Yhich th e laborator>' tests were 
made. <2 ni 
D. 71L Burrnister has cleriYccl stress equations for the case in which 
a stiff crust of soil OYerlif's a soft compressible soi1.< 2 n "01'. :\I. ~ew­
rnark has inwstigatecl th e c:ase in \rhi ch the rnodulns of elasticitv of 
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the soil in a horizontal direction is greater than its modulus in a nrti-
cal direction. <23 > A brief summary of these modifications is as follo,Ys. ·w hen the 
soil is underlain by rock or some other perfectly rigid material , the 
vertical normal stress is concentrated, so that the stress surface shown 
in Fig. 54a has a higher peak under the center of the loaded area. 
When a stiff crust of soil onrlies a soft soil, or when the soil has a 
larger elastic modulus horizontally than yertica1ly, the yertical normal 
stress is diffused oYer a wider area, so that the stress surface in Fig. 
54a is flattened out. 
In general, it can be expected that Equation (5 ) ·will give a satis-
factory approximation to the yertical normal stress. It is largely a 
matter of judgment whether the stress computed from Equation ( 5) 
should be increased or decreased in order to take into account the 
stratification of the soil. 
Figure 54 and Eq nation ( 5) refer to a load that is called a point 
load. The actual loads applied to the soil by the foundations of a 
structure are distributed oYer areas which are sometimes of consider-
able size. \ \Tl1en a stress distribution calculation is being made for the 
stresses under a comparatiYely small spread footing, and "·hen the 
calculation applies to a depth below the footing that is t"·o or three 
times the diameter of the footing, the footing ma:· be considered as a 
point load and Equation (5 ) may be used for the stress calculation. 
\Yhen the stress calculation is being made for depths in the soil that 
are less than two or three times the diameter of the loaded area, it is 
necessary to diYicle the loaded area into small sections and to make 
a stress calculation for each section as though it "·ere a point load. 
The stresses computed at a giYen point for each section of the loaded 
area are then added together to get the total stresses clue to the entire 
area. The point-load equations haYe been integrated for yarious 
shapes of loaded areas and for Yarious types of surface load distribu-
tion. Also, tables and charts are aYailable from which the stress dis-
tribution under large loaded areas can be determined "·ith a fairly 
small amount of computation.<2°· 30 l 
Besides the stresses produced in the subsoil by external loads ap-
plied at the surface, in a problem of settlement anal>·sis the stresses 
produced by the weight of the soil itself must be taken into account. 
If the soil has a unit weight, w, the Yertical normal stress at any 
depth, h, clue to the weight of the soil itself is given by 
p, = wl1 ( 6) 
96 ILLINOIS El\GIXEERI.'\G EXPERL\!EXT STATIO:\' 
Tn a settlement analysis probl em, th e compressible soil stratum is some-
times found at a considerable depth belm1· the surface, where it has 
been subjected to an onrburden load as gi 1·e11 b.1· Equation ( 6). In 
many cases the stress produced in the compressible stratum b~- the 
external load is only a small percentage of the stress alreacl,1· applied 
to that stratum by the overburden abon it. l ' nder such co11clitio11s, 
the added stress from the external load would produce comparati1·ely 
littl e compression in the soft stratum. In all cases the stresses pro-
duced b.1· the " ·e ight of the soil itself should be taken into account in 
the stress clistl'ibution analysis. 
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VIL THEORY OF CONSOLIDATIONS 
19. Theoretical Calculations 
One of the principal causes of the settlement of structures is con-
solidation. ''Consolidation'' is generall.1· used in connection 1rith beds 
of saturated clay, but any process 1rhieb r ccluces the 1rnter content of 
a bed of saturated soil is call ed a process of consolidation. In satu-
rated sands and gravels which hase cornparatiYel7 large pore spaces 
betlreen the solid particles, consolidation due to applied loads occurs 
in a very short period of time because the "·ater can escape freely 
through the Yoids in the soil. In a fine-grained cohesive soil, such as 
clay, the pore spaces between the soil grains are of capillary dimen-
sions and water cannot flow freely through them. \Vhen a soil of this 
kind is subjected to external loads, stresses are set up in the soil which 
tend to compress it and to force the water out of the voids. Since the 
voids are so small that the water cannot escape freely, the extra pres-
sure produced by the external load is carried at the beginning of the 
process partly by the water in the soil and partly by the solid soil 
particles. 'l'he water is said to be under excess hydrostatic pressure. 
Gradually, under the effect of this excess hydrostatic pressure, the 
water escapes from the clay. The removal of water from the clay 
permits the solid particles to crowd closer together. 'l'he space arrange-
ment of the solid soil particl es is changed and the Yolume of the bed 
of soil is reduced. This consolidation process proceeds s lowl~· until 
the soil has reached a state of equi librium under the applied loau. If 
the load is increased, the process begins again and continues until the 
soil has reached a new state of equilibrium under the new load. This 
condition of equi librium is referred to as 100-percent consolidation 
under the giYen load. 
In 1925 'l'erzaghi discoYered that this process of consolidation 
could be interpreted mathematically by means of a thermodynamic 
analogy. ( a iJ The flow of water in the soil during the consolidation 
process is analogous to the flow of heat in isotropic bodies. 'l'he excess 
hydrostatic pressure in the 1rnter corresponds to the temperature in 
the heat-flow problem. 'l'he coefficient of permeability of the soil cor-
responds to the coefficient of heat conductiYity; the coefficient of con· 
solidation of the soil corresponds to the diffusivity in the heat problem. 
It is th erefore possible to write the differential cqnation of the 
co nsolidation process as follo11·s: 
ll21i ilu (7 ) 
Cr o>" 8t 
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in which Cv is the coeffi cient of consolidation, u is the excess hydro-
static pressure, z is the depth at which the excess hydrostatic pres-
sure is being computed, and t is time. 
Equation (7) is easily recognized as the Fourier differential equa-
tion for the flow of heat in a solid, where u is temperature and Cv is 
the coefficient of heat diffusivity of the material of which the solid is 
made. 
Solutions of Equation (7 ) ha"e been obtained for various sets of 
boundary conditions. The factors that cletermine the boundar.1· con-
fS?7?2d ~5ti~~ 
FlGURE {;!j 
ditions are the nature of the stresses in th e clay bed and the perm e-
ability of the soils above and below the cla,,- bed. All solutions are 
in th e form of Fourier series, but most of the series converge rapidly 
enough so that only a few terms need to be taken into account in the 
computations. <3 2 • 33 1 
20. Practical Applicah'o11s 
Figure 55 illustrates a problem for whi ch a settlement analysis 
might be made on th e basis of the theory of consolidation. The soil 
consists of a bed of sand overlying a thick bed of soft clay below which 
is a layer of hardpan resting on rock. Th e free water tabl e in the 
g-round is in th e sand bed . The clay is assumed to be completely satu-
rated and all of th e soil is assumed to have existed in the co ndition 
shown in the figure for a sufficient period of time to have r eached 
equilibrium. A heavy tank is t o be constructed on a spread founda-
tion at the ground surf'ac:r. 'l'h r problem is to predict th e probable 
settlement of th e tank due to conso lidation of the cla.1'. 
'l'he first step is to secure un clistnrbc<l sn mpl cs of th e cla.' " Th ese 
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are subjected to a series of tests in the laboratory to Jetermine th e 
yalue of the coefficient of co nsolidation. 'l'h e next step is to compute 
the stresses in the soil. Before the tank is built, the stresses in the 
soil will be those due to the weight of the soil itself. The stress at 
the top surface of the soft clay bed will be that due to the weight 
of the sand above the clay. The stress at the bottom of the soft clay 
bed will be that due to the weight of the sand and the soft clay. These 
ar e called the initial stress conditions. Since the groundwater table 
is in the sand bed, the weights used in the calculation for all soils 
below the water table should be the submerged weights. 
After the tank is built and filled with liquid, the load of the tank 
will increase the stresses in the soft clay bed. These stresses are com-
puted by the methods described in Chapter VI. The stresses produced 
by the weight of the tank are added to the initial stress; the resulting 
stresses represent the final stress condition in the soft clay bed. 
For the soil conditions illustrated in Fig. 55 it can be assumed 
that drainage of the soft clay bed will occur only at the top surface 
of the clay. In other words, the hardpan below the clay can be assumed 
to be impervious so that water driven out of the clay by the load of 
th e tank will have to p er colate upward into the sand. Equation (7) 
must therefore be integrated to satisfy the boundary conditions that 
there is upward flmy at the top surface of the clay but no downward 
flow at the bottom surface. The r esultin g- equation can then be used 
to determine the time rate of consolidation ancl the percentage of 
consolidation that will occur at any given time. 
If it is desired to know on l,v the total amount of consolidation tlrnt 
will occur and not th e rate of consolidation, Equation (7) need not 
be used. 'l'he laboratory tests determin e the r elationship between Yoid 
ratios and pressures for a series of different pressures and this rela-
tionship can be r epresented by a curve as shown in Fig. 56. \\Then the 
initial and final stress conditions have been computed, as already 
described , Yalucs of the voicl ratios corr esponding to these pressures 
<:an be obtained from the curve. The total settlement that can be 
expected to occur may then be determined from the equation : 
rn 1rh id1 
e;- e1 S = h-- (8 ) 
1 + Ci 
8 = sct-tlcmcnt ( imhcs ) 
71 = thi ckn c,;s of clay bcc1 ( in c:hes ) 
c1 = fi11al Yoicl ratio 
I';= initial Yoicl ratio 
100 ILLI.\'OIS E.\'GI.\'EERI"°G EXPER!ME)IT STATIO.\' 
To deterrn ine initial and final Yoid ratios for substitution into 
Equation (8), it is customary to compute the average of the initial 
stresses at the top and the bottom of the clay bed and the anrage of 
the final stresses at the top and bottom, and to select from the curve 
the Yoid ratios that correspond to these anrage stresses. 
Experience has shown that settlement analyses of this type can 
be expected to predict the settlement of a giYen structure with reason-
able accunwy proYided tbe cla~· has not been heaY il.\· preco nsoliclated. 
Ordinarily the question to be answered is \\·hether the tank would 
settle a few inches or a few feet. Elaborate and expensiYe inTe;;;tiga-
tion is not necessary. In most cases a few simpl e tests will determine 
the probable amount of settlement \Yith sufficient accuracy to permit 
a decision whether the structure can be a llowed to sett le or whrther 
a special foundation must be installed to eliminate the possibility of 
settlement. 
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VIII. PRIKCIPAL CAUSES OF SETTLEl\IENT OF STRUCTU RES 
The principal problem in all foundation eng·ineering is to design 
the foundation so that th e settlements will be as small and as uniform 
as the~- can be made at a reasonable cost. To approach the settlement 
p roblem intelligentl y, it is \Yell to haYe in mind an outline of the 
principal causes of settlement : 
Settlements Caused by 
t [ [ 111 [ 11 1 
TABLE III 
CACSES OF SETTLD!E:'\'I' 
Static Loads 
Dynamic Loads 
Lowering Ground \\"ater 
... clj acent Operations 
?\1iscellaneous 
Elnstic Deformation 
Plnstic Flow 
Consolidation 
Inertia F orces 
Soil Compaction 
Soil Stresses 
Shrinkage 
New Structures 
Tunn els 
Open Cuts 
Pier Excavations 
Underground Erosion 
Chemical Changes in Soil 
Frost Action 
K5' 1 "4~K_\.~JXS9/~/AY/ r~7~ 
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FIGURE 57 
Figure 57 refers to settlements due to elastic deformation or plastic 
flow of the soil below the foundation. Figure 57a represents a loaded 
area on the ground surface. 'l'he dotted line shows the manner in 
which the soil surface is depressed under such a load. J f the amount 
of the load is increased up to a certain critical value, actual failure 
takes place as shown in Fig. 57b. The soil fails on shear planes indi-
cated b.\- the dotted lin es and there is an uph ea Yal of soil aron nd the 
loaded area. 
Complete shear failures of foundations in this mann er are com-
paratinl.Y rare. although th ere is usnall~- some settlement clue to elas-
t ie deformation. An exampl e of a complete fonnclation failure of this 
t~· pe is shown in Fig. 58a and Fig. 58b. The sketch rrpresents a grain 
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ele,·ator that was built in "Western Canada about thirty years ago. 
Exca,·ation for the foundation was cal'ricd about 12 ft below th e 
level of the prairie. Below the foundation there was a stratum of firm 
blue clay 35 or 40 ft thick and tl1en a 5-ft stratum of clay aud boulders 
overlying limeston e rock. 
The grain eleYator \\·as constructed " ·ithout difficulty and with 
little or no settlement. \Vhen the bins were fi ll ed with grain care was 
taken to keep the grain at approximately the same level in all bins 
as filling proceeded. HoweYer, when the bins were almost full, the 
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structure began to tilt. \Vithin 2-! hr it tilted into the position shown 
in Fig. 58b. It was about 27 deg out of plumb when it came to rest. 
On the side toward \\·hi c·h the eleYator tilted, the soil hem·ecl 
up; the upheand soil probably kept the elenitor from turn in!.(· onr 
completely. 
Consideration of the soil condit ion s sho,rn in Fig .. )8a indi cates 
that the firm blue clay was subjected to \\·hat amounted to a large 
scale squeeze test. The clay was squeezed between the prnctically rigid 
foundation of the grain elnator and the nnclerlying 1·oc·k. 'l'he shear-
ing stresses in the soil under the structure exceeded the shearing 
resistance of the soil to snch an extent that complete failure of the 
soil occu rrecl. < 3 4 J 
Figure 59 ill11stt'ates soil C'Onclitions \\·here settlements occur clu e 
to the consolicli!tion of saturated clay beds. Figure .iDa r epresents th e 
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soil condition that is typical in downtown Chicago. 'l'he street gTades 
are approximately 13 ft above lake level and most of the older build-
ings have basements which \\' er e excavated approximately to lake leYel. 
At this eleYation there is a stratum of stiff clay which varies from 5 
to 10 ft in thi ckn ess in different parts of the city. Load tests on small 
areas were made on this stiff clay, but at a depth of 5 or 10 ft below 
a loaded area only 1 ft square, the stresses in the soil practically van-
ish. Accordingly, the load test on top of the st iff clay stratum applied 
practically no load to the soft blue clay below. \Vhen the entire build-
ing was built, the loads of the building prod need stresses of consider-
able magnitude in the thick stratum of soft blue cla~-. As a result. 
some of the older structures in downtown Chicago have settled as 
much as 2 ft because of the consolidation of the soft blue clay. 
Figure 59b represents a structure built on " ·ood pile foundations 
which settled in a similar manner due to consolidat ion of the nncler-
lying clay. The basement excm·ation was carried to a depth of about 
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18 ft. \Vood piles ''"ere then driYen through about 26 ft of soft silt 
and cla~- to bearing in a stratum of sand underlain with a deep bed 
of soft clay containing layers of sand and sandy clay. The dynamic 
resistance denlopecl by the pil es " ·as apparently satisfactory, as were 
load tests on single piles. Ilo\\·cnr, the size and weight of the building 
"·ere such that stresses of considerabl e magnitude ·were transmitted 
through the piles and through the sand stratum clown into the under-
lying soft clay. This structure settled almost a foot in the first year 
after it was built. <35 l 
(b} 
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Another common type of settlement is due to dynamic forces. Set-
tl ements from this cause can occur in all kinds of soils; they are most 
frequent in loose sand beds. They are clue to the action of stress waves 
radiating from the source of disturbance, and result from two causes 
-soil compaction and inertia forces. Th e source of disturbance might 
be a r eciprocating machine, heaYy traffic, an earthquake or a pile 
driYing operation. 
Figure 60a r epresents a source of disturbance on the ground sur-
face throwing out stress ''"Hes into the soi l as indicated by the dotted 
cnnc. At some distance from t h is sou rcc a structure of ''"eight ff 
rests on the ground. L'ncler th e action of the stress waYes this struc-
ture is subjected to the accelerations " ·hich haYe the effect of pro-
ducing inertia forces so that the pressure between the structure and 
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the ground exceeds th e stati c pressure produced b~- Ir. As a r esult 
the structure tends to settle slo,rly into the ground " ·hen the dynamic 
disturbance is continued for a considerable period of time. The 
amount of settlement that might occur in a giYen case ''"ould depend 
on the strength of the source as compared " ·ith th e mass of the 
structure. 
Figure 60b illustrates a condition in which compaction of a loose 
sand bed was caused by a pile clriYing operation. Th e soil consisted 
of approximately 80 ft of loose sand and graYel oYerlying rock. The 
building area was excaYated to a depth of about 10 ft, and piles were 
driven in the bottom of the excaYation. Before the pil es were driven, 
short r einforcing rods ·were clriYen into the ground to serve as level 
benchmarks - some in the bottom of the excavation, others on the 
side slopes, and still others beyond the top of the bank on the level 
ground outside the building area. The piles were driYen with a single-
acting steam hammer delivering 15,000 ft-lb per blow at the rate of 
55 blows per min. After 100 or more piles had been driven, it was 
found that the Yibrations had caused the entire area to settle as indi-
cated by the dotted line. 'l'he maximum settlement, about 6 in., was 
in the bottom of the excavation. There was settlement of the side 
slopes and settlement of the top of the bank, which tapered off to a 
feather edge at a distan ce of 50 or 75 ft from the top of the slope. 
On this particular job no serious consequence resulted . The site was 
an open fi eld, and the principal purpose of the piles was to compact 
the loose bed of sand and gravel. But settlements of this kind can 
have serious consequences when the work is being done in an area 
surrounded by buildings or other structures. 
Another phenomenon that produces structural settlements is the 
lowering of the groundwater table. In some cases the settlements due 
to this cause are brought about by changes in the stress conditions in 
the underlying soil. In other cases, the lo,Yering of the groundwater 
table brings about settlements due to soil shrinkage. 
One of the seYeral causes for rhanges in groundwater levels is the 
seasonal fluctuation that occurs in semi-arid regions and in the tropics 
where there are long \\"et and clry seasons. During the c1r~ · season the 
" ·ater table retreats into the ground; it rises again during the rainy 
season. Another cause of changes in ground\\"ater leYel is pumping 
orerat ions \\"hich lO\\"er 1.he gTou nchrnter leYc ls. The construct ion of 
deep sc11·crs and sub\\·a~·s often 10\\"Crs such leYcls perrnancntl~- and 
has incleecl been kno\Yll to ]O\\"cr the grounchrnter table by man~· feet . 
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:F'igure 61 illustrates the changes that can occur in soil stress con-
ditions clue to 10\rering· of the ground \\'ater Jenl. The met hod of 
computation is as follO\YS: 
Let 
W = unit " ·eight of \\'ater (62.5 lb per cu ft ) 
S =specific graYity of soil solids (2.65 ) 
n = percentage of Yoids in soil ( 35 percent ) 
W a = \\·eight of soil in air 
w. =submerged weight of soil. 
.. ·. . . . . (a) ~Ground Surf'O'cez (b) Bri1 ~'7rt7.;1f;:17,.77~7i~:1-'a;f;.:.+,t;.;._S~.;.:;1_+,>;..,;;:,~i" 
Sand 
5 1@ !OB lb. per cu. f'f. 
, = 540 lb. per sq. f'f. 
15 @ 68 /b. per Ct/. Tl: 
=1020 lb. per sq. f't. 
p =!560 lb. per sq. f'f. 
Then 
Sand 
15
1
@108 lb. per cu. f't. 
= 16ZO lb. per sq. /l. 
5 1@ 68 lb. per cv. f'f. 
= 340 lb. per sq. f't. 
p'==1g60 lb. per sq. rf. 
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ff a = SH' (1 - 11 ) = 2.65 )< 62.5 (1 - 0. 35 ) = lOti lb per cu ft. 
w. =(SI\' - 11' ) (1 - n ) = (2.65 X 62.5 - 62)5 ) (1 - 0.35 )= 
68 lb per en ft. 
Figure 6la represents a sand becl 20 ft thick OYerlying a stratum 
of clay which in turn is underlain by more sand. 'l'he groundwater 
leYel is in the upper sand stratum 5 ft below the ground surface. 'l'he 
assumption is made that this condition ha s existed lon g enough so that 
the hydrostatic conditions in the gro und are stabilized. At the top 
surface of the clay stratum there is a pressure, p, on th e solid parti-
cles of clay clue to the \\·eight of th e owrl~·ing sand. 'l'his \\'eight con-
s ists of 5 ft of clr~· sand \rcighing 108 lb per cu ft, and of 15 ft of 
submerged sancl " ·e ighing 68 lb per c·u ft. T'ncler th ese conditions the 
pressure, ZJ, amounts to J .)60 lb per sq ft on th e top surface of the 
clay stratum. 
Figure 61b represents the sa me soil condition " ·ith the ground-
water leYel lowered 10 ft. Th e pressure on the top surface of the clay 
stratum has changc<l to ]J', " ·hi ch is clue to the weight of J :) ft of dry 
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sand \\·eighing 108 lb per cu ft and 5 ft of submerged sand \Yeighing 
68 lb per cu ft. 'l'he pressure, zl, amounts to 1960 lb per sq ft. The 
10-ft drop in the groundwater lewl produces an increase of about 25 
percent in the pressure at the top of the clay stratum. This change 
in soil pressure is often capable of producing consolidation settle-
ment in the clay stratum eYen though no external load is applied at 
the ground surface. 
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Although the figure refers to the case in \rhich the water level is 
lowered in a sand bed, a similar chan ge in soil stresses occurs when 
the 1rnter level is lowered in a cla~· bed. lIO\rcver. the problem of 
computing stress changes in clay is some\\·hat more compli cated be-
cause of time effects. C3 GJ 
Figure 62 illustrates volume changes in so ils brought about by 
shrinkage effects when \Yater is remoYed or "·hen the ground " ·ater 
table is lowered. These shrinkage effects are most common in very 
fine-grained clays. 'l'he:-· are not important in sands and other fairl.v 
coarse-grainrcl soils. Figure 6:2a refers to a wry fine-µ:rni11cc1 volcanic 
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clay from :\1exico City. A cube of this clay 10 cm on a side was care-
fully caned out of the ground in its natural saturated condition, and 
was allowed to dry out slowly in air. At the end of about fift~· days 
the cube had reduced in volume until it \\·as about 4 cm on a side. 
In other words, the original volume of 1000 cc of soil and water shrank 
to about 6± cc of soil. The volume of water which evaporated was 
9:36 cc. Since some voids still remained in the sample, the percentage 
(a} (b) 
FIGURE 63 
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of voids exceeded 93.6, and the original void ratio (ratio of the volume 
of the voids to the volume of solids) exceeded 9:36/ 6± = 14.6. 
Figure 6'.!b represents an innstigation of this problem by the 
Texas State Highway Department. A concrete higlnrn.r was built over 
a deep bed of fine-grained cla~·, and a cardn 1 record was kept of the 
behavior of this higlrn·a~· slab over a i1eriocl of seYeral ~·ears. In the 
rain~· season the gr-oumlwater lenl \\·as fairl>· close to the ground 
surface. At the encl of a long dry season the groundwater Je,·el re-
tl'eatecl 20 or 2.) ft beJo,r tl1e snrfac·e. ~With these changes in grouncl-
water leYel, the hig-lrn·ay slab mo,·ecl up ancl clown; the total movement 
\1·as 011 1 he Ol'cler of 6 in. That is, the pm·ing- was G in. lower at the 
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encl of the dry season than at the end of the rainy season, and the 
settlement and upheaval of the slab \\·ere brought about by the alter-
nate shrinking and swelling of the soi l. 
'l'o determine how these soil movements varied with the depth 
belo"· the ground surface, a series of u nclerground benchmarks was 
installed at different depths in the ground. Level observations on the 
benchmarks indicated that the soil monments \rcre greatest near the 
surface of the ground and that there \\·as practically no movement of 
the soil at depths on the order of ~5 ft where the soil \\·as continuously 
saturated. 
As part of this same experiment, a large spike was clriven in the 
trunk of a tree alongside the highway. LeYel readings taken on this 
spike showed that the tree itself was moving up and down with the 
soil as the seasons changed from wet to dry. 
Forces of enormous magnitude are produced by the swelling and 
shrinking of certain kinds of soil, and very heavy buildin gs and other 
structures have been nwved and cracked from this cause. <37 l 
Another source of settlement is that clue to adjacent operations 
such as the excavation of basements, tunnels, open cuts or caissons, 
or the construction of heavy structures on spread foundations along-
side of existing structu r es. Figure 63 illustrates the changes that 
occur in connection with these various types of excavation. Figure 
63a represents a longitudinal section of a subway tunnel such as has 
recently been dug in Ch icago. As tl1e heading is achanced through 
the soft plastic clay, the cl a~r tends to flow toward the heading as indi-
cated b~r the arrows. and the surface of the street above the tunnel 
settles clue to loss of grouncl. Figure 63b is a transverse section of the 
same tunnel; the arrows represent the manner in which the soil tends 
to flow toward the heading of the tunnel from the sides. 'l'he conse-
quent settlement of the street surface due to lost ground is indicated 
in the sketch. 
Figure 63c represents a deep cut supported by sheeting and brac-
ing. Even when a cut of this kind is installed with great care, there 
is always a tenclenc~· toward some settlement of the surrounding 
ground. 'l'he bracing can be installed only as excavation proceeds. 
Accordingly, though the sheet piling ma~· haYe been driven before 
any excavation \\·as clone, the cxcm·ation of soil below the first set of 
braces permits the sheet piling to rnoYe in to\l·arcl the cut, so that 
there is often some settlement of the ground at the top of the cut. 
Sometimes the bottom of the sheet piling mons inward, as shown at 
the left of the cut. Jn other cases it is firmly held at the top anJ bot-
tom, but bulges inward as sho\l"n at the right. 
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Figure 63d represents an excanition being lined with rings and 
lagging. 'l'he excaYation is ahrn:·s carried below the lowest set of 
lagging, and there is always a tendency for the soil to flow toward 
this open excaYation, as indicated by the arrows. Any cons iderable 
moYemcnt of the ground at the bottom of the excavation is sure to 
be accompanied by some settlement of the ground surface around the 
top. (3s J 
Figure 64 illustrates another type of settlement that is brought 
about by adjacent operations. Figure 6-!a represents two structures 
on spread foundations; Fig. 6+b shows on an exaggerated scale what 
J~_ML_~-~L 
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sometimes happens to such strnctu res when heay:· buildings are built 
alongside of them. 'fhe weight of the new building is sufficient to 
cause settlement of the underl:·ing so il. and the area covered by the 
settlement is not limited to th e area of the new building'. 'fhe adjacent 
structures, affected by the settlement of the ne\\· st ructure, sett le and 
tilt. 
An example of this type of settlement is shown in Fig. 6:5. The 
building at the extreme left is a moderatel:· heay:· six-story structure 
built on spread footings. 'l'he structure has sett_led seYeral feet; the 
settlement has affected not on 1,,. the hrn-stor.'· building immediately 
alongside th e new building but also the two-story building hrn doors 
n' rn.'·· Both the small er buildings han been tilted and cracked because 
of th e settlement of the new stl'ucture. 
F'igtire 66 illustrates a simi lar C'01Hl iti o11 "·here the hea'"·'· building 
on the left dragged do\\·n th e nc1jaC'ent hrn-story building so far that 
the s111all building \\·as prncti ca ll:- destro.Yed. 
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Miscellaneous causes of settlement are underground erosion, chem-
ical changes in the soil, and frost action. 
Underground erosion is not a serious problem in cases of natural 
flow of groumhrnter. As the rnonments of groundwaters in all kinds 
of soi l are usually extreme!:· slO\\", und erground erosion docs not com-
monly occur from natural causes. 'l'he problem of nnderground ero-
s ion might be serious in cases wh ere pnmping is done. Pumping some-
times produces Yelociti es in the grornHhrnter that could cause serious 
erosion. Figure 67 illustrntes a case. A pier excaYation is beinµ· made 
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alongside an existing building. As the excaYation proceeds thl'ough 
the cla.'· soil, little or no pumping is required. At some depth in the 
ground is a sand seam that might require consid erable pnmping. 
\\!hencnr a situation of this kind occnrs the discharge of the pump 
should flow into a \rnoden box: or a cateh basin so that the discharge 
water can be examined to sec whether solid particles are being pumped 
along with the water. If a pumping operation of this kind were to 
rcmo,·c any considerable amount of sand. the adjoining building would 
almost certainly settle. 
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Settlements due to chemical changes in the subsoil are rather 
uncommon. Chemical changes might occur in filled ground, especially 
if the fill contained materials that would slowly oxidize and disinte-
grate. However, structures of any importance are never built on 
filled ground. A bed of peat is subject to slow chemical changes, and 
gradually shrinks while it changes from peat to lignite and then to 
coal. Accordingly, structures built on soils containing peat beds 
would be subject to settlement from this cause in addition to settle-
ments due to the compression of the peat. 
Freezing of soils occurs by a crystal-building process \\·hich forms 
ice lenses in the soil mass and causes swelling and upheaYal. Subse-
quent thawing causes settlements. Problems inYolving frost action are 
more important in highwa~· engineering than in structural engineer-
ing. Ilighwa~- slabs are built on the surface of the ground where they 
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are often subjected to frost action in the subgrade. Foundations for 
structures are usually built well belo"· the ground surface. The depth 
of frost penetration for most localities is knO\rn , and building codes 
usually require that the foundations for structures of all types be 
placed belo"· the frost line. 
As was stated at the beginning of this chapter, one of the principal 
objects of foundation design is to predetermine settlements and to 
control them, so far as possible, within reasonable limits of cost . "When-
eYer a foundation problem is being i1westig·atec1, a chart such as 
Tabl e III \rhich sho"·s th e causes of settlement wi 11 be found con -
Yenient for reference. It will not solYe the foundation problem, but 
the problem can be checked against the items on the chart to make 
sure that nothing has been oYerlooked which might cause structural 
settlements. 
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IX. CHOICE OF TYPE OF FouNDATJON FOR A G1vEN t:lnrn c TURE 
WITH A Gl\'EJ\" SET OF SOIL CONDITIONS 
21. Description of Structure and Soil Conditions 
'l'he problem of choosing the proper foundation for a given struc-
ture with a given set of soil conditions is fundamental in foundation 
engineering. Certain basic principles and a definite method of reason-
ing should be followed in the analysis. ft will be assumed that the 
li'oor LL+fJL = 5tl lb. 
TIJ1rd Floor LL+LJL 3(J(J lb. 
JjeCOQO Floor LLt-LJL .3(JO lb. 
Fir.rt Floor LL t-LJL 350 lb. 
No Basemen!" 
Seer loo 
• • • • • 
I T9pical Infer/or 4 00, Otltl lb. 
• • • • 
n J._1 
~~ ti 
_LJ 
u :t Ill :t-1\l '-
• • • • • :t ~ 
V Typical Exterior S:,' zso, ooo lb. fillll ' 
• • • • • -::T 
Avera51e Load Over Enfire S:, 
Area=/0801b.persq. f'I. j' 
• • • • • :::T 
/Corner 150,000/b. ~ 
tctJ.'...l.-2o~co;.;;,o'.....l:eo~eo:J •e 
Plan 
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analysis is to be made fo r a simple factory bui lding (Fig. 68 ) . The 
building is to be three sto ries high and will have no basement. It will 
be 120 ft square with columns on 20-ft centers both ways. The floor 
loads and the roof load are snch that a typical interior column will 
get a load of ±00,000 lb ; a typical wall column, one of 250,000 lb ; 
a corner co lumn, 150,000 lb including wall loads. 'l'he averag~ load 
over the entire ground area will amount to about 1.080 lb p e1· sq ft . 
'l'he buildin g will be of reinforced concrete and the foundation wil l 
be designed for full Ji n and dead loads. 
'l'h e first step in analyzing the foundation should be to investigate 
th e su rroundin g- bui ldings. One should kno\\· ·what types of fonnrla-
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tions have been used in the vicinity, and the depths of adjacent foun-
dations. Sometimes settlement records of the adjoining buildings are 
available, permitting a study of how Yarious types of foundations ha.Ye 
behaved in the r egion. 
The question of adjacent basements and depths of foundations is 
important because of such regulations as may exist about the }Jrotec-
tion of adjoining property. Since the proposed structur e is not to 
ha.Ye a basement, it is necessary to consider the possibility that some 
one might exca.Yate a basement alongside the structure at some future 
time. If the structure is being built in a locality wh ere the Jaw 
requires an owner to protect his own propert~· against settlements 
from adjacent excavations, this fa ct will have some influence c0n the 
t:rpe of foundation chosen for th e new buildinl!. 
'l'he second step is to make soil borings. Even where information 
is availabl e about th e behavior of adjacent structures, at least a few 
borings should be mad e on th e new site. \VJ1 en little or no informa-
tion is avai lable about existing adjacent buildings, the necess ity for 
borings is eYen greater. Also, all und erground '"ater main s. sewers, 
and other utilities that may cross th e site of th e " ·ork shonld be located 
and mapped. 
lt " ·ill be assumed that suitable borings haYe been nrnde ancl that 
th e~ · haYe disclosed 1he soil eondit io1 1 shown on Fig. 60. 'l'h e soi! co n-
sists of 20 ft of loose fi ll overl~· in l! a '.Z.J-ft strat11111 of fine dense sand 
belo\\" \\"hi ch is a 40 ft stratum of soft <.:la.'·· resti11;:r on 10 ft of 11ardpan 
'rl1ieh ow1·lies t-11e bC'llroek. 
'.l'h e gro1111clmtl er tabl e is l:J f t brlo11· tl1e s11rfaer. 
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22. Strnctural Consideration s 
A consiclrration of the soil conditions leads to tbe followin g 
co n cl 11sio11s: 
(1) An.'· structure built on top of the fill will sett le consiclernbl.\· 
because of the loose condition of the fill. 
(2 ) Th e presence of the soft c·l a.'· ill(lil'ates th e possibility of a con -
solidation probl em \\·hi ch will haYe to be inYestigatecl. 'l'hat ii; , t\1·0 
d a ngerous soil strata a re i11Yoh-cd in the problem. 
To b.Y-pass both these dang·erous strata, it would be necessar.\· to 
CaJT.'. th e foundation t·o hardpan or rock . Th e first thought \\·o uhl 
pl'obably be co ncr ete piers, eith er belled or straight-shaft, as sho\rn 
in l<' ig. 69a. Jt has bee 11 assum ed that a typical interior co lumn load 
for thi s building is ..J.00,000 lb ancl that th e loads 011 the \\·a ll co lumns 
and th e corner columns are e1·cn smal ler. It was t>xp lain ed in Chapter 
IY th at th e minimum diameter of an excaYation in whi (' lt a man can 
work is approxinrntcl.'- -! ft. ·wh en a -1--ft pier lia s been co11str11eted 
to hardpan or r ock , it is eapable of carrying a load of somet hin g like 
1,000,000 lb. 'l'he c:olumn loads for th e structure under consideration 
are hardly great enough to justify the use of piers. Furthermore, 
piers on this site would be comparatiYely expe nsiYe bcc:ause of th e 
difficult:\· tl1at could be expected in exc;;wating through the :2:)-ft 
stratum of fin e saturated sand. 
As an alternatiw to the use of piers, long pil es driwn to hal'clpan 
might be consid ered as a m eans of b.\·-passing both dangerous strata 
(see Fig. 69b ) . Long pil es would be comparatiYely expensive, though 
probabl.\· not as expensiYe as piers. 'l'he.'· might be con c: rete. stee l, or 
eomposite piles cons isting of a concr ete section aboYe th e \\·ater table 
ancl a \mod section from th e \\·at er tabl e down to th e hardpa n. 
For all practi cal purposes, eith er long pil es or pi ers would lJroYide 
a foundation that \\·ould not settl e. I-Iowe\·er , th e enginee r is not 
ahrn.'·s justified in spending a large amount of mon ey for a foundation 
that will not settle. Ile should consid er other possible t_Ypes of foun-
dation ew n though the.'' might seHle. 'l'he r eal question is: U o\1· much 
1\·ill th ey settl e, and what will be th e effect of the settlement on the 
ne\\· structure and on adjac:ent st ructures 1 
In this case it is absolut e !~ · necessary to c:a rr,\· the foundation 
through the loose fill. This eoulcl be done 1rith simple s rread foo ting·s 
(Fig. 69c ) or \l·ith short conc:rete pil es (Fig. 69cl ) . Either woulil prob-
abl.'· set tl e beca use of c·o11soliclatio11 of th e soft cla.'-. 'l'h e fllH'stion is: 
Ho\1· rnuc:h would th ey settle, ancl what cliffer e11tial settlrments coulcl 
be ex pcctecl ! , \11 a11s11·c r 11 eC"essitates gctti11g 111 1Clish1rbrcl samp les of 
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th e soft c:la.'· for laboratOL",Y tests. After th e samples had bee n t ested 
in the laboratory, it would be 11 ecessar.Y to make a complete settlement 
anal.'·sis for th e structure. 'l'lie sdtlem r nt of th ese two t,\·p es of fo un-
dation s (spread footi11gs and short pil es) ' rnu ld probabl,\· be about the 
same for th e co nditions inrnlYed in this problem. 
Another possibl e type of foundation for this building \1·o tilc1 be 
a mat foundation (Fig. 69e ), whic:h \rnulcl r equire th e exca\·ation of 
the entire area do\1·n to the sand stratum. This \l"Ould proYicle a d eep 
basem ent. 
EYeJL though it has bee n assum ed that 110 basern e11t would be 
r equired , th er e might be oth er co nsid e rations that would lead to the 
se lection of th e mat fou ndation. For example, the exea,vation of 20 
ft of O\·erburden from th e e11tire area 'rnuld reclu c:e th e pressure 011 
th e soft cla,L ln this c:ase, a load of about 1:)00 lb per sq ft would 
be r en10\·ed. \Vith out a basern e11t , the proposed building aYerages 
about 1080 lb 1wr sq ft O\'er th e entire area. The basement floor load 
" ·o ulcl acld anoth e r :-ioo or :i:)O lb per sq ft to th e area load. 'l'he total 
,\·eight of the structure would therefore be less than the \\·eight of th e 
cxcan1tecl material. UHcler such c:omlitio11s there \\"Ould be no r easo n 
to exp ect serious sett lements du e to conso lidation of the under lyi11g 
(' la.'·, though ther e wonld be some differential settl ement unless th e 
structure \\·ere mad e rigid enou gh to pren'nt thi s. 
Xot on l,\· \rnuld th e mat fonnclation be c:omparatiYel.'· safe ag·ainst 
settlement ; also, th e O\\"ner might be able to use a basement eYen 
though he did not particularly \rnnt one. 
23. E co 11 0111ic Co11sideratio 11 s 
After th ese possibl e types of foundation ha\·e been co nsicl e reLl from 
the structural standpoint, the 11 ext problem is r elatiYe costs. Prac-
ticing engineer s a nd a rchitects are well ;;nrnr e of the importan ce of 
the economic aspects of th ese problems. 
Th e cost of construction work Yari es \Yid e ly in differen t parts of 
the \rorld , for many r easons - large Yariations in labor r ates, a nd in 
the costs of th e materi a ls of construction , such as cement, sand, g raYe l, 
steel and lumber. 'l'h e best wa~- to make r caso nabl ,\· acc urate c:ost c:om -
parisons for a proj ect of this kind is to have approximate estimates 
mad e by c:ontractors familiar with loc:a l co n cl it ions and \ritlt the local 
labor and material market . 
Th e pri ces that \\·ill be l!Sed in th e cost comparisons for this prob-
lem are approximate but arc sa ti sfactor,\· for the purpose of showin g· 
how the eomparison sho11ld be mad e. 'l'h r fl etail s of th e cost cum par-
ison arc sho,rn in Tabl e lY. 
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TABLE IV 
TYPICAL Cos T CoMPARISO:'\s 
Piers (Fig. 69a) 
(4 '<1>) 12.6°' X 95' + 27 = 44 .5 cu yd @ S60.00 = 82670 
49 Piers @ S2670 Each = 8130,830 
Long Pil es (Fig. 69b) 
Concrete or Steel Piles @ 40 Tons Each 
I . 400,000 5 .1 2
_ I 
9
_ .
1 ntcrior ~ = . p1 es X v cos = Lv p1 es 
'v. II 2.';0,000 3 .1 9 I " .1 a ~ = P• es X -0 co s = nO p1 es 
C 150,000 2 .1 X I 8 
.
1 orner SO,OOO = p1 es 4 co s = ~
193 pil es 193 pil es @ 85' @ $3 .00/ ft = $49,215 
193 cu yd con crete @ $20.00 = 3,860 
853,07:) 
Composite Piles @ 25 Tons Each - --
I 
. 400,000 8 ·1 2· I 200 ·1 nten or 50,000 = p1 es X .:>co s = p1 es 
Wall 
2~~~i!o = 5 piles X 20 cols = 100 piles 
C 150,000 3 .1 4 
I 
12 
.
1 orner 50,000 = p1 es X co s = ~
312 piles 312 piles@ 85' @ Sl.40/ ft = 837, 128 
312 cu yd con crete @ $20 .00 = 6,240 
Spread F ootings (Fig. 69c) 
Soil Load = 5000 #/ O' 
843,368 
Interior Footing (9 ft square) 
Sheeting 36' X 22' @ 80¢/ O ' 
Excava t ion 81 °' X 20' + 27 @ S3.00/c u yd 
Concrete 
S634 
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Footing 9 ' X 9' X 2' = 6 .0 cu .vd 
P edesta l 4' X 4' X 2' = 1.2 cu yd 
Column 2' X 2' X 16' = 2.4 cu yd 
9.G cu yd @ S20.00 = 
Bac kfill 50 cu y d @ Sl.00 
Pumping (say) 
192 
50 
50 
Wall F ooting (7 ft square) 25 Columns @ STI06 = 527,650 
Sheeti ng 28' X 22' @ 80¢/ O' 
Excarn ti on 49°' X 20' + 27 @ $3.00/cu yd 
Concre te 
F ooting 7' X 7' X 2' = 3.6 cu yd 
Pedesta l 4 ' X 4' X 2' = 1.2 cu y d 
Colum n 2' X 2' X 16' = 2 .4 cu yd 
8493 
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7.2 C'U yd <ii, S20.00 = 144 
Baekfi ll 30 cu yd @, S l.00 = 30 
P umpi ng (say) = 50 
Corller Footi ng (G ft squa re) 
4 F ootings @ (say) SGOO 
20 Columns <!! S82iJ = 16,520 
2,400 
$4 6,.)70 
CIRC. 60 . LECTURES ON FOUNDATIOX EXGINEERING 
TABLE IV (CONCLUDED) 
TYPICAL CosT CoMPAmsoxs 
Short Piles (Fig . 69d) 
Concrete Piles @ 25 Tons Each 
Inte rior 
4~i::: = 8 piles X 25 cols = 200 piles 
Wall 250,000 = 5 piles x 20 cols = 100 piles 50,000 
C 150,000 3 .1 I 12 .1 or11er 50,000 = p1 es X 4 cos = ~
312 piles 
312 piles @ 30' @ S2 .75/ ft = 825,740 
312 cu yd concrete @ S20 .00 = n,240 
S:l I .~80 
:\lat }' oundation (Fig. 69e) 
Sheet piling 500' X 22' @ Sl.00/sq ft 
Excavation 15,000"' X 20' + 27 @ Sl.50/cuyd 
Concrete 
Mat 15,000°' X l' + 27 = 555 cu yd 
Wall 500' X 1.5' X 20' + 27 = 555 cu yd 
Pedestals 25 @ 4' X 4' X 2' = 30 cu yd 
Columns 25 @ 2' X 2' X 17' = 68 cu yd 
= Sll,000 
= 16,666 
Pumping (say ) 
iTu8 cu yd @ $20.00 = 824,160 
3,000 
$54,826 
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In all five types of foundations shown in Fig. 69 the first floor 
would have to be reinforced and framed into the columns so that its 
load would be supported by the foundation and not by the fill. 
The estimate for piers is made for straight-shaft piers to rock. 
A 4-ft-diam pier would require 4-!.5 cu yd of concrete; at an approxi-
mate price of $60 per cu yd such a pier would cost $2670. Since a total 
of 49 piers would be required, the total cost of the pier foundation 
would be approximately $130,830. The estimate of $60 includes the 
cost of excavating, pumping, and lining the excaYation as well as the 
cost of the concrete itself. 
If long concrete or steel piles were used, they could probably be 
loaded to 40 tons each. On this basis, the job would require 193 piles. 
To reach hardpan, these piles would have to be about 85 ft long; they 
would cost about $49,215 at an estimated unit price of $3.00 per lineal 
ft. The pier foundation provides a complete foundation to the extent 
that the column base rests directly on top of the pier. The pile founda-
tion requires a small pile footing whose cost must be included with the 
cost of th e piles. In other words, to make a fair comparison it is nec-
essar:· to include the entire cost of the different t:·pes of foundations 
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up to the und er side of th e column base - an important factor in this 
process of cost co mparisons. 
Th e fo undation on the long concr ete or st eel piles would ret1uire 
a pile foo ting- at each column locat ion. A liberal estimate of the quan-
tity of conc: rete required " ·ould be about 1 cu ~-cl per pil e. This figure 
is consenatiYC, as th e footings ca n usual!~· be designed " ·ith less than 
1 cu yd per pile. A price of $20 per cu yd including excavatio11, steel, 
forms, and concrete makes a total cost of $3860 for th e footings for 
the long concr ete or steel pil es. 'l'he total cost of this foundation is 
then $53,075. 
If long composite pil es were to be used , they 'rnuld probabl.'· be 
loaded to about 2.J tons each. On thi s basis the job would r equire 312 
piles. Th ese would probably not cost more than $1.40 per f t. 'l'hey 
would r equire footings involving approximately 312 cu yd of c:on-
crete, and the total cost of th e Jon g composite pil e foundation would 
be about $43,368. 
Th e spread footing cost is worked out 011 the assumption that it 
would be possible to use spread footings at a "·orking load of GOOO lb 
per sq ft 011 the sand bed. An interior footing would have to be approx-
imately 9 ft square. 'l'he excarntion " ·ould have to be sheeted, and the 
cost of th e compl ete footing wou Id include sheeting, excavation, con-
crete, backfill , and pumping. Severa l days " ·o uld be r eq uired to com-
plete a footing of this kind , and th e " ·ater would haYe to be pumped 
do"·n in order to build the forms and place the concrete in thr bottom 
of the excavation. An interior foo ting " ·ould cost about $l106; the 
25 of these that would be r equired would cost $27,650. Th e cost of a 
wall footing is worked out in a similar manner ; it amounts to about 
$826 per foo ting. The cost of th e corner footing is simply estimated 
as bein g a little less than th e cost of a wall footing. .Altogether, the 
spr ead footing foundation would cost approximately $46,570. 
If the short concrete pile foundat ion " ·ere used, the working load 
on the piles " ·ould probably be on the order of 25 tons each. 'l'he 
estimate fo r these piles with their foot ings indicates an appro:-..irnate 
cost of $31,980. 
The mat foundat ion is estimated on the assumption that sheet pil-
in g would be r equi red all the way arou nd the building a r ra. If the 
sheet pilin g were not used, it would be necessan· to slope the sides of 
th e excavation ; this would inYolve a co nsiderably larger quantity of 
excavation. 'l'he installation of the mat fo undation would inYoh ·e a 
ro nsid erab lc amount of pumping- in ord er to hold dO\rn th e " ·Me r table 
" ·hil r the mat was bein g in stall ed. As is indi c:ated by th e figurrs , the 
mat foundation " ·ould cost approximate]~· $;).f,826. 
c rn c. 60. LECTURES ox FOuXD ATIOX EXGJXEER IX G 121 
24. Pinal Choice 
'l'h e final step in the anal;·s is consists in combinin g st ructural char-
acteristics and economi cs to select the least expensive fou ndation that 
" ·ill give a sa tisfactor.'· job. 'l'o make this selection, it is connnient 
to set up a tabulation such as is shown in 'l'able V, which shows the 
different types of foundations with their costs and esse11tial structural 
features. 
'l'he piers \\·ould be r l imi nated from consider ation immediately 
because of th eir excessiYC cost. Furthermore, they are no bette r than 
the long piles from an engineering standpoint, s ince neither type of 
fo undation 'rnuld involYe any appr eciable settlement. 'l'he long con-
crete or steel piles are some\\·hat more expensive than the long· corn-
-
T ABLE v 
CoMPARIS01' Of' FOUNDATION Cos·rs A1'D STRUCTUnAr, FEATURES 
Type of Foundation 
Short Piles 
Spread Footings 
Composite 
Concrete or Steel Piles 
:\ lat Foundation 
Concre te Piers 
Cost 
$31 ,980 
46,.570 
4~,368 
53,075 
54,726 
130,830 
Remarks 
Probabl y Home Settlement 
Practicall y No Settlement 
posite piles; hence thr concrete or steel piles " ·ould be elimin ater\ from 
the comparison, sin ce the composite " ·ould acc:omplish the sam e pur-
pose for less rnone.' -. 'rhe mat foundation is a littl e more expensiYe 
th an th e Jong pil e foundation bnt would provid e a basement. 
Accordin gly, if it is desired to spend enough mone:· to proYide a 
fo und at ion that will not settl e, the choice lies between the lon g com-
posite piles at $43,:368 and the mat foundation at $54,726. 'l'he mat 
fo undation will cost $11,358 more than the composite piles but will 
provide a basement that might be worth this much to the owner. 
If the settl ement analysis has indicated that the use of short con-
crete piles or spread foot in gs would not inYolve serious settlements, 
and if it were agreed that these settlements could be tolerated, it would 
be possible to save approximate !~· $11,388 by using the short concr ete 
pile foundation. Th ere would be no r eason to spend $46,570 for spread 
footing-s when th e short concr ete piles would accomplish the same 
thing for $31,980. 
Accordingly, the analysis has reduced the problem to the choice 
of one of three poss ibilities. 
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( l ) Short piles at $31,980, with th e possibility of some settlement. 
(2) Long composite piles at $43,368, with practically no settlement. 
(3) A mat fou ndation at $54,726, with practically no settJement 
but with a basement provided. 
As has been said, these cost comparisons are only approximate. 
IloweYer, an engineer should neYer attempt to decide about a foun -
dation probl em without having made a carefu l analysis of this kind . 
Actual problems will include all sorts of combinations of soil concli-
tions. loads and types of structures. The proper way to solYe the 
problem is to study all possibilities and to keep in mind the fact that 
economi c:s goes hand in hand with engineering. 
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X. SnoRrNG AND UNDERPINNING 
25. Types of Shoring 
Shoring and underpinni:ng are often used as if they referred to the 
same kind of work. Actually, shoring refers to temporary supports; 
underpinning, to permanent supports. In general, it is necessary to 
shore before underpinning, and when the underpinning is completed 
the shoring is usually removed. 
For three main r easons it may be necessary to shore and underpin 
a structure: (1) to stop settlement of an inadequate foundation: (2) 
to provide support because of adjacent construct ion operations; ( 3 ) 
to proYide a foundation able to carry added loads. 
Proposed J 
E~~~~7J 
Second Floor 
First Floor 
(a) 
(cJ 
I 
Proposed I 
Ex~C::'~JJ 
FIGURE 70 
Second Floor 
Needle Beom 
First-
Floor ;\li;;:;;Ji:k;,i;,,.,,,s:/2 
(b) 
Needle Beams 
"' 
(cl) 
\ \Then a structure sett les because it has an inadequate foundation, 
it is sometimes necessary to r esort to underpinnin g in order to stop 
the settlement. 'l'he construction of deep basements or deep sewers or 
subways, especially in the crowded downtown sections of large cities, 
usually necessitates underpinning of adjacent structures to prennt 
settlement. Sometimes, two or three stories are added on top of a 
building, or the type of occupancy of a buildin g ma.\· be chan ged, for 
exampl e from light manufacturing to \rnreho nsinµ-. so that the new 
loads to be supported might necessitate strengthening the foundation 
of the building by means of underpi1111ingY"· '"' 
Figure 70 illustrates some of th e more common types of shoring. 
Figure 70a represents a brick wall on a reinforc:ed eoncrete footing 
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whith is founded just a fe\\· feet belo"· the gronnd surfa<:e. A deep 
basemr nt ii'i to be excarnted on the adja<'ent propert_,. as indi <:a ted 
by th e dotted line. 'l'o prepare th e strudure for nnderpinning, th e 
brick ,rnJI might be shorrd \\·ith a set of sloping· braces as illustrated 
in th e figure. 'l'he upper end of th e brace is set in a notch <: nt in th e 
bri ck wall. 'l'h e lower end of th e brace rests on a screw jack " ·hich 
in turn rests on a wooden foot block placed 011 the ground. A.fter th e 
shorr has been set in place, most of the load can be lifted off th e foot-
ing b~- screwing up the jack. 
Figure 70b illustrates a some\\·hat different type of shorin!!' that 
might be used under similar circumstances. A small timber crib is 
built outside the wall , and a similar timber <:rib inside th e buildin g. 
Screw jacks are placed 011 top of th ese cribs. A hole is th r n cut in 
the wall , and a steel beam which is call ed a needle beam is inserted 
through the hol e. 'l'he ends of the beam rest 011 the jacks, and a till er 
block of some kind is placed 011 top of the beam where it passes through 
the wall. When the jacks are screwed up , the beam is able to lift 
most of th e weight of th e wall off the footing-. 
Figure 70c represents one method of shoring np an interior build-
ing column. Small timber r ribs are built on th e basement floor 011 
opposite s ides of the column . Sometimes two such cribs are sufficient; 
sometimes four are used on all four sides of th e column . Sere\\· jacks 
are placed on top of these cribs. On thr underside of th r first floor 
heavy timbers are srt under th e floor beams and posts ex tend up from 
the sc rew jacks to these heav~' timbers. When the jacks are scre\\·ed 
up, th e \\·eight of the column can be lifted off the footing. Th e ques-
tion wh eth er this t~·pe of shoring can be used for a building tolumn 
depends on th e nature of the const ruction of th e bnilding. It may or 
ma.'· not be possible to jack against the underside of th e first fl oor 
beams as is illustrated in Fig. 70c. '!'here is also the question ho\\" the 
fl oor and the columns are fastened together. 1t ma~- or ma.'" 11ot be 
possible to lift th e column b_Y jacking against the und erside of the 
fl oor. 
Figure 70d illustrates a different t~·pe of shoring· that mi :.d1t be 
used fo r an interior building column in cases " ·here it is not poss ibl e 
to shore up under the floor beams. ·w ood cribs or stee l grilla;,!'PS are 
built on th e basement floor on opposite s ides of the c:olumn, and sc:rew 
jacks are placed on top of the cribs. A pair of steel beams is srt on 
top of these jacks, " ·ith one beam passing on each s id e of th e C"o lum11. 
'l'hrse beams (a lso eall ed needl e beams ) ma:· be bolted or eJ;1 111ped 
or othcrwi sr fa stened to th r <:olurnn . \Vh r n th e jacks an· Sl'l'l'\\'('d up , 
th r weight of the co lumn is lift ed off th e footing. 
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Special t~·pes of shoring haYe been dewloped fo r special prob-
lems; th e most commo11 t~·pes are those indicated in Fig. 70. After 
the shori11g has bee11 properly taken ca r e of, it is poss ibl e to l'"oceed 
with the underpinning of the st ructure. 
26. Typ es of Underpinning 
Figure 71 r epresents the simpl est type of und erpinning that is 
common]~- used. This is usnall~- r eferred to as pit underpinning. Fig-
ure 71a represents the wa 11 of a building such as " ·as shored up in 
(a} 
FIGURE 71 
(cJ 
i:~~i 
Proposed I .~;,~ l • 1" ·) £XCO'V0'1!._°__7_ • .;4 
I 
3 11-lll (b) 
z 
Fig. 70a. 'l'o underpin this wall , a pit 3 or-± ft square, call ed an access 
pit, is excaYated outside it. The pit is excaYated down to th e depth 
of the proposed adjacent excaYat ion or possibl~- a littl e deeper. Exca-
Yatio11 is then carried under the wall as illustrated in Fig. 71c. '!'his 
can be done under almost an~· wall, as the wall can be expected to 
carry oYer a \Yidth of 3 or J ft. In some cases, particular!:· in the 
case of a r einforced co ncrete wall on a reinforced c:o ncrete footing, 
it might be possible to excaYate under co11sid erab ly more than 3 or -± 
ft of wall at a time with out serious risk. 
Figure 71b is a plan Yiew of the wall on its concrete foot ing. Pits 
such as 1 and 2 are excaYated simulta11eousl:·, the space bet ween the 
pits bein g on th e order of 20 or 2:-J ft. After th e eoncrete underpinning 
has been placed in Pits l and 2, i11ter111ediate pits such as :1 are exca-
vated, and later the spacrs between 1 and :3 and brtween 3 aud 2 are 
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filled in . 'fhe foot blocks of the shores illustrated in Fig. 70a are 
placed far enough out on the adjacent property to avoid these pits. 
In some cases underpinning is done with piers, as i i lustrated in 
Fig. 72a. The figure shows a pier being installed to support an interior 
building column. The column has been shored up as ind icated; after 
the shoring was completed, the column and its footing were removed. 
'fhe sketch shows an excavation being made with rings and lagging 
for lining. Excavations fo r pi er s to be installed as underpinning can 
Stec:rm or Air JV1 
Hc:rmmer.-r~ 
.--
l.. 
P1peP//e~ 
I 
D_J 
l?eaction fOr Jack 
H[t'ckc:rvl/c Jc:rck 
7r 
(h) 
}'J GUR~: 7'.!. 
be made in the open air or under compressed air; the piers may be 
either straight-shaft or belled. Such work is almost inrnri ab ly done 
by hand, as it is not possible to get one of the digging machin es into 
the basem ent of the building. 1\lthough the figure shO\rs a pier being 
install ed under an interior building column, piers can be pu t down 
under bui ldi11 g " ·alls a lso. 
Orcli na ril.\·, excm·ation that is done for underpinning is more 
expensive than excavatio n do11 e out in the open before th e building 
is constructed. 'l'he additional exprnse is brought about by the neces-
s ity for workin g in low headroom and fo r bringing a ll the construc-
tion materials i11to the basement of the building. Furthermore , the 
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tost of the shoring mater ially in cr eases the cost of the whole operation 
as compared with th e cost of inst a lling pier s i11 a<hance of th e con-
struct ion of th e building. 
Sometimes underpinni11g is clone with steel pipe piles (Fig. 72b ) . 
'fhe column has been shored up with needle beams. and the footing 
under the column has been remoYed. Pipe piles used for this purpose 
may be closed-encl pil es provided with steel points or open-end piles 
which are cleaned out and fill ed with concrete after t he:· are driven. 
B ecause of the low headroom, pipe must be used in comparati,·ely 
short sections; these are either welded together or fitt ed togetht'r " ·ith 
special sleeves. 
On th e left-hand side of th e figure, the pipe pi le is being driven 
with a small double-acting hammer which ma:· be operated with either 
steam or air. 'fhe use of air in this t_\·pe of work is more common 
because there are often reasons why the basement of th e building must 
not be filled with exhaust steam. On the right-hand side of the ,;ketch, 
th e pipe pile is being forced down by means of a hydraulic jack. A 
jacking process r equires a suitable r eaction to jack against. The 
method of jacking down pipe piles for underpinning is rather slow 
as compared with the method of using a small double-acting hammer. 
'l'he average hydraulic jack can be extended somethin g like 10 or 12 
in. Each time the pile has been pushed down this amount, it is nec-
essary to stop, r eset the jack and the blocking. and start again. How-
ever , there are many cases in which the available headroom is so small 
that it is impossible to nse a mechanical hamm er . ,Jackin g must then 
be r esorted to . 
Although Fig. 72b r efe rs to th e use of pipe piles under a n interior 
column, this method of und erpinning can be used for walls also. How-
ever , th e available head room during the underpinning of a 'rnll is 
usually so small th at th e piles have to be put down with h.'·draulic 
jacks. Shoring and underpinning are often difficult and dang-erous 
and should be undertaken on l.'· b:· specialists. 
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XI. SnEE'r PJLEs AND COFFERDAMS 
27. Pnn ction ancl Uses of &lieet Piles 
'l'11 e function of sheet piling is to r etain \\"ater or soi l or both . 'l'he 
principal uses of sheet piles are for bulkheads on river banks or on 
the ocean, for coffe rdams 011 land or in water, and fo r Ji11i11 g trenches 
and open cuts. 
28. Types of Sheet Piles 
'l'he kinds of sheet piles commonly nsed are illustra ted in Fig. 73. 
'l'hey are di \·icl.ecl i11to three prin cipa l kinds on the basis of the kind 
of material from \rhich th e.\· are mad e : \\"Ood, steel, a11cl concrete. 
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A single lin e of boa rds such as '2" x 12" or -l:" x 12" planks is often 
used as sheet piling. This is r efe rred to as single sheet piling-. It is 
suitable on l.'· for comparatiYely small excavations where there is i10 
serious grou 11cl \\"a ter probl em. 1 n saturated soi Is, particularly in sands 
and grave ls, it is necessary to use a more elaborate form of sheet 
pi ling which can be made reasonably watertight. 
A type commo11l~· used und er such co nditions is call ed lapped sheet 
piling. E ach pil e is mad e up of t wo boards which are offset with 
r espect to one another. Th ese pairs of boards are eit11 er spiked or 
bolted togeth er . i:iuch sheet piling is usually made with boards ra11g-
i11g- from]" x 12" to ..J." x 12" 
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A somewh at better t.'·pe as far as watertightness is concerned is 
lmO\\·n as "Wakefield. A \Vakefi cld sheet pile consists of three boards 
bolted or spiked together, \rith the center board offset as shown in the 
figure. 'l'his arr angement produces a tongue and groove which makes 
\Vakcfi eld sheet piling fair ly watertight if the pil es are properJ,,· 
drinn and tightly fitted togeth er. 1f '2" x 12" boards are used, they 
produce a sheet pil e 'mil 6 ill. thick. Sometimes boards as heavy as 
4" x 12" are used , so that th e \\Takefi elcl sheet pil e 'mil is 12 i11 . thick. 
Another fo rm of woocl sheet pi lin g is ca ll ed tongue-a llJ-grooYe. 
'l'hi s is mad e out of s i11µ·le pieces of timber which are cut in a saw 
mill so as to provid e a tongue and a gTOOYe on each piece of piling. 
'l'his type wastes timber because of th e amount of wood that is cut 
mrny to form th e tongue. For example , if the tongue-and-groove pile 
illustrated i 11 tl1 e figure were made from a 12" x 12" t imber and if 
the tongu e and th e gr oon· wer e 3" x 3" , each piece of timber would 
make 011 1.'· 9 i11. of sheet pile wall , althoug·h a 12" x 12" timber " ·ould 
haYe been used to form the pil e. 
To get n1 e to11gue-aml-gTOOYe effed without wastin g timber, a 
form of built-up tongue and gi·oove pile is somet im es used. For exam-
pl e, 2 x -l 's cou ld be spiked to th e sid es of 12" x 12" t imbers to form 
th e ton gue and gToo,·e effect illustrated in th e figure. Each 12" x 12" 
t imber and its three 2 x -l's would produce J.J. in. of sheet pil e wall 
in th e finish ed structure. 
Anoth er form of wood sheet piling is called splined sheet in g. F or 
this t~'pe a groo,·e is cut in two opposite sides of a heavy timber. 'l'he 
timbers a re th en clriYen close together so that a space is left wh ere 
th e grooYes match, and a small er timber is driven in this space. 'l'he 
splined sheet pil e illustrated i11 the figure might consist of 12" x 12" 
timbers with l!'rooves ± in. wide and 3 in . deep cut in them. After 
the brn timber s were driven in place, a 4" x 6" would be driven clown 
into the groo,·es to fill this space. 
Th e choi ce of wooden sheet pilin g on a giYen job depends largely 
on the nature of th e work. For sma ll footing excarntions where there 
is no serious gT01111chrn.ter problem, th e s impl er forms ma.'· br used. 
l<""'or heaYy bulkh eads and deep cofferdams, the more elaborate forms 
of sheet piling are r equired , partl~· to secnre a waterti gh t wall and 
part ly to han a pil e that is strong enough to resist the horizontal 
thrusts that will be app lied to it . 
Steel sheet piling is avai lable in a number of forms. Each com-
pany that mannfactures steel sheet pilin g has its own form of inter-
lock, thoug-h all interlocks are des igned for th e same purpose. 'l'he 
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simplest form of steel sheet piling is the straight web type. 'l'hr. piles 
are made in Yarious widths ranging from about 6 in. to about 15 in. 
The " ·eb thicknesses vary from about % in. to about :Y2 in. 
As straight web sheet pili11g is comparatively flexible it requires 
a considerable amount of bracing wh en used for structures in which 
the horizontal thrusts arP large. To provide a pile with greater resist-
ance to bending, steel companies have developed a type knoV\·n as 
arch web sheet piling; the center of the web is offset to provide a 
greater moment of inertia in the cross-section of the pile. 
To proYide even greater stiffness a type known as the deep arch 
web has been developed. It is similar to the arch web except that the 
offset in the web is increased considerably. There is also available 
·what is known as the Z-type, which has a stiffness considerably greater 
than that of the deep arch web pile. 
The choice of the type of sheet pile depends largely on the kind 
of service to which it is to be put. For example, the straight web 
type is comparatively flexible, so that it requires a considerable 
amount of bracing when subjected to a large horizontal thrust. On 
the other hand, the straight web type does not use up much space; it 
can often be used in close quarters where there might not be room 
for some of the other types. \\Th en the sheet piling is to be used for 
a structure involving large horizontal forces, it is possible to do the 
job with less bracing if the deep arch web or the Z-type pile is used. 
At the same time, these forms of piling take up considerable space 
in a horiwntal direction. For example, with a large sized deep arch 
section, the distance ''a'' shown in the figure would be about 12 in. 
If the sheet pile wall were being braced with J 2 x 12 waling timbers, 
the sheet piling and the waling timber would require a total of 24 
in. of horizontal space, which may not always be available. 
In addition to the standard piles, all the steel companies make 
special sections for various purposes. Figure 73 shows the approxi 
mate shape of two of these special sections. which are referred to as 
Y-sections and T-sections. 
Precast concrete sheet piling is usually made in the form of a 
tongue-and-groove section. 'l'h e piles are usually from 18 to 24 in. 
wide in the direction of the sheet pile wall and are made in thick-
nesses varying from 8 or 10 in. to more than 24: in. 'l'hey are reinforced 
with Yertical bars and hoops or spirals just as precast concrete bearing 
piles are reinforced. The thickness of the sheet pile and the amount 
of rci nforcing are determined by the forces that the pile is intended 
to resist. A precast concrete sheet pile wall made of tongue and groove 
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piling is not always perfectly watertight when driven but the spaces 
between the piles can be grouted to provide a watertight wall. 
To make a watertight sheet pile wall with precast concrete sheet 
piling, the interlocked section shown on the figure is sometimes used. 
'fhe details of the concrete pile are the same as those of the t0ngue-
and-groove type. However, a straight web steel sheet pile is split in 
half longitudinally and the two halves of the steel sheet pile are em-
bedded in the precast concrete pile when the concrete pi le is cast. 
These interlocked piles form a more watertight wall than can be 
obtained with the tongue and groove sheet piles. 
Another type of precast sheet pile used to produce a watertight 
wall is shown in the figure as the grouted type. The shape of the piles 
is such that, when two piles are driven side by side, a diamond-shaped 
space is left between the piles. After the piles are driven, this space 
is filled "·ith cement grout injected nnder pressure to seal the wall. 
29. Cofferdams on Land 
1n cofferclam work, the wood sheet pil e and the steel sheet pile are 
most com monly used . Ordinarily a cofferdam is a temporary struc-
ture, removed after it has sened its purpose. For this reason the pre-
cast concrete sheet pile is seldom used for cofferdams. However, some 
types of cofferdams, such as a condenser pit in a big power plant on 
a river bank, are permanent struct ures; precast concrete sheet piling 
is sometimes used for these. 
Figure 74 refers to land cofferdams, and Fig. 74a is a cross-section 
of a cofferdam completely surrounded by land. Figure 74b is a plan 
view of the same cofferdam. The first step in the construction is to 
drive wood or steel sheet piling all the way around the area to be 
enclosed. The piling is usually driven before any excavation is done. 
If steel sheet piling is being used to form a closed box of th is kind, 
the entire box must be "pitched" before it is clriYen. By pitching is 
meant that the entire box of piling is set up and interlocked before 
the indiYidual piles are dri,·en down into the ground. The driYing is 
then done by stages, each pile being- drinn 5 or 10 ft at a time until 
the tops of all piles are at about the same leYcl. If one pile after 
another \\"ere driven to its full depth all the way around the closed 
box, it 'rnuld be practically impossible to make a proper closure be-
tween the last pile and the first pile. Pitching the piling makes it 
possible to haYe a properly closed box. 
After the piling has been driYen, excavation is started inside the 
cofferdam. Ordinarily it is carri ed clown a few feet and then the 
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first set of bra cing is placed , co11sisting of a horizontal fram e of waling 
timbers placed against the inside of the piling all the way around the 
cofferdam. 'l'hese waling timbers are braced in both directions by 
horizontal braces as illustrated in .F'ig. 74b. Excavation is then carried 
on between th e braces nntil sufficient depth has been obtained to re-
quire another set of wales and braces. 'l'h e process of alternate exca-
vation and th e setting of braces is continued until the bottom is 
reached . 
One probl em in connect ion with the bracing of a cofferdam should 
nenr be overlooked. As excan1t ion procreds the sheet piling has a 
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F IGURE 74 
t endenc.'< to move and bend because of the earth load from the outside. 
Th ese moYements of the piling could be such as to loosen a set of 
horizontal bracing. 'l'o avoid the possibility of having an entire set 
of horizontal bracing collapse and fall into the excavation , it is nec-
essary to post up between each set of horizontal bracing with verti cal 
posts as shown in Fig. 7-!a. The bottom post under the lowest set of 
bracing usually r ests on a timber or a plank call ed a foot block which 
r ests on the bottom of the excavation. 
Another type of sheet pi ling somet im es used for land cofferdams 
is illustrated in Figs. 7-±c and 7-td. A series of steel I-I-beams is driven 
around the perimeter of the cofferdam on -!- or 5-ft centers. As exca-
vation inside th e cofferdam proceeds, horizontal boards are placed 
between the webs of these I-I-beams. Th e thrust of the earth outside 
the coffrrdam pushes th e board s against th r flanges of th e II-beams. 
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!::luch a cofferd am is exe;watrcl ancl braced in the same mann er is that 
illustrated in Figs. 7-ta a nd 7-!b. 
Cofferdams of t his type whieh are bra <:ed all th e way across from 
wall to wall are used only " ·here th e diameter of t lw cofferdam does 
not exceed 100 ft . If it " ·ere drsirecl to enclose an entire eity block, 
or an even larger area, inside a cofferdam, it would be ex:ceedingl)· 
difficult aud expensiYe to brace \l·ith horizontal braces all the way 
across the cofferdam. Jn su(·h cases it is customary to use the t)·pe of 
bracing illustrated in Fig. 75 . 'l'he sheet piling might be steel or wood 
or the combination of H-beams with horizontal boards. -w alin g tim-
bers are placed inside th e sheet pile wall and are braced with sloping 
braces against a foot block of timber " ·hi ch is set in the ground at th e 
bottom of the excavation. 
FIGURE 7-) 
?5 
(a) 
FIGURE 76 
EB (b) 
;:w. (' off"crdams in 1\"ater 
Figure 76 i llu stratrs a type of cofferdam th at might be used for 
a bridge pi er in a ri,·er. Figure 76a is a cross-section, Fig. 76b a plan 
vi r \\·. The compl ete box of sheet piling is drinn first; then a set of 
horizontal bra <: in g is pla ted approximate])· at the water line. At t his 
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stage of construction, the water is at the same elevatio n inside and 
outside the cofferdam. 'N ood sheet piling might be used for such a 
cofferdam if the " ·ater depth did not exceed 8 or 10 ft. For deep 
cofferdams and high water-pressures, the use of steel sheet piling is 
more common. 
After the top set of horizontal bracing is in place, pumping is 
. started to get the water out of the cofferdam. Even though great care 
may have been used in driving the piling, it is not to be expected 
that the cofferdam will be absolutely watertight as driven. If wood 
sheet piling has been used, ther e will almost certainly be small spaces 
between the pil es through which th e water can come into the coffer -
dam. Even if steel sheet piling has been used, the interlocks would 
not necessarily be watertight. Accordingly, it is often necessary to 
provide large pumping capacity in order to start pumping down the 
water in the cofferdam. As the pumps gain on the inflow of wate r 
between the piles, the water level inside the cofferdam is lowered and 
the cofferdam is subjected to an excess of pressure from tl1 e outside. 
This excess of outside hydrostatic pressure tends to bend the piles 
as shown by th e dotted lines in the figure. The pil es are braced at 
the water line by one set of horizontal braces and their lower ends 
ar e embedded in the ground in the river bottom. They will tend to 
bend inward and the curvature that results has an important effect 
on th e watertightness of the structure. If wood sheet piling has been 
used , the tendency of the curYatnre would be to open up the spaces 
between the piles. As this would allow the cofferdam to leak consid-
erably, wood sheet piling is seldom used for deep cofferdams sub-
jected to large water pressures. Wh en steel sheet piling is used for 
such a cofferdam, the curYature that r es ults from the external water 
pressure is beneficial. Its effect is to tighten up the interlocks of the 
piles, so that the cofferdam is more waterti ght after it is distorted than 
when orig inally driYen. After the coffrrdam is pumped out, the proc-
ess of alternate excavation and bracing is carri ed out just as in the 
case of the land cofferdams. 
'l'h e tightening of th e interlocks in a steel sheet pile 'rnll is referred 
to as'' in tr rl ock tension." :\Inch of thr design of stee l slwct piles wall s 
and eoffcnlams is controll ed b.\· this phenomenon. As with la nd coffer-
dams, a cofferdam of the t_vpe shown in Pig-. 76 " ·o nld be used only in 
cases wh er e the diameter of the area to be enclosed did not exceed 100 
ft . In other words, th e bracin g of a eoffe rclam all th e way across from 
wall to wall is feasible and ceo nomi (·al on ly " ·hen th e coffc> nlam is not 
too large. 
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Fi{!urr 77 illustrates some of th e problems inYohctl in building Y e r~· large cofferdams i 11 ,rnter. Pigure 77 a represe nts a river chann el 
in " ·hieh it is proposed to build a laL"ge ship loelc 'l'o construct the 
loek. it is necessar;-- to dry up a la rge section of riYer bottom. 
J f the water wer e yery shallow. it might be 11ossibl e to construct 
snch a cofferdam as a singl e wall clam as illustrated in Fig. 77b and 
77c. A single line of sheet piling, either of steel or of wood , might 
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be driYen. and braced with a berm of earth as shown in Fig. 77b. 
Instead of an earth berm, such a sin gle wall cofferdam might be braced 
with sloping braces and foot blocks as shown in Fig. 77c. However , 
if the depth of water exceeded 10 ft, a more elaborate type of coffer -
dam would be necessary. 
A don bl e wall cofferdam snch as " ·ould be used in deep water 1s 
illustrated in Figs. 77cl and 77e. Sometimes two parallel walls of sheet 
piling 20 or 25 ft apart are clrinn, and tied together with tie rods as 
illustrated in Fig. 77d . Th e space between the two walls is filled with 
sa nd or rock. Sometimes a berm of earth is used on the inside of such 
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a cofferdam. Jn some cases the sheet pili11g is driven as a series of 
circu lar or elliptical ce ll s which are filled "·ith sand and graYel or 
crushed rock. !::iuch tofferdams are ca ll ed cellular coffe i·dams. \Vhen 
a rocky river bottom prevents the use of sheet piling-, a rock-filled crib 
such as is illustrated in Fig. 77e is eommo1il.'· used. Such a crib \\·ould 
be built of heayy timbers bolted together and filled with stone. 
In the design of cofferdams in \1·ater, two important factors must 
be taken into aer;ount. Th ese are h.n1rod~·namics and structurnl 
st rength. In co 11n ectio11 with h.n1rocl.n1amies, it is necessary to con-
sid er questions of scour and questions of seepage. In con nectio n with 
structural stre11gth, it is Hecessa ry to consider questions of OYe rturn-
ing, of sliding, and of co llapse. 
In Fig. 77a it can be seen that the cofferdam reduces the width 
of the riYer channel. .t st ream lin e on the left bank of the riYer would 
be practicall.1· a stra ight lin e parallel with the river bank. On th e 
right bank of the ri,·er a stream lin e would be bent out of shape b~· 
the obstruction formed by the cofferdam. 'l'he presence of the coffer-
dam, therefore , rrstricts the river channe l and produces high Yelocities 
of flow in the river. As a result the outer corner of the cofferdam on 
th e upstream side \\·ould be subjected to considerable scour. In many 
cases it has been found necessary to use much longer sheet piling· for 
this upstream outer corner than is required for th e balance of the 
eofferdam. 
'l'he possibilit.'· of under-seepage is indicated b~· the dotted arrows 
in Figs. 77b- r. The cofferdam has to be so designed that seepage water 
will be cut off below the dam. 
Referring to the structural strength of these cofferdams, all of 
them would be subjected to l1 orizontal J1ydrostatic thrust after they 
11·ere pumped out and this horizontal pressure \\·ould tend to overturn 
the cofferdam or to make it slide along the grnund. The design must 
be such that the cofferdam is safe against these possible kinds of 
movement. 
Heavy cofferdam construction is a speciali zed business and the 
successful installation of Iarg·e eofferclams is large!~· a matter of 
experience. <41 1 
I 
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XII. SOIL INJECTIONS 
31. Types of In jections 
A procedure sometimes used in foundation work is the inj ection 
under pressure of Yarious materials into soil or rock, usually for one 
of two purposes - (a ) to seal a porous soil or fissured rock in order 
to stop a flow of water, or (b ) to stabi lize a soft soil so as to increase 
its strength. The materials commonly used for injections are of three 
general kinds: (1) suspensions; (2) solutions; (3) emulsions. 
Suspe11sions are mixtnres of cement and water, or sometimes of 
cement and clay and water. 'l'he relative amounts of water and solids 
can vary over a considerable range, though it is customary to use as 
high a percentage of solid s as possible. Suspensions of this kind are 
useful for grouting rock fissures or for grouting beds of coarse sand 
and gravel. After the cement has set up it not only waterproofs but 
also strengthens the rock or soil into which the suspension has been 
injected. <-it, 4 3 1 
'fhe solutions used for soil injections are chemical compounds. The 
basic chemical thus far employed for this purpose is sodium silicate, 
often called water glass. A second chemical is used which combines 
with the sodium silicate to form a stiff silica gel so that the soil is 
waterproofed as ·well as strengthened by this t,Ype of injection. 'l'he 
chemical-injection methods now in use are coyered by patents. 'l'he 
methods differ from one another with respect to the injection pro-
cedure. Jn some the sodium sili cate is injected first and the second 
chemical afterward; in others the two are injected at the same time. 
In th e latter method the proportions of the two chemicals are often 
Yaried to control the time of setting. 'l'he chemical solutions can be 
forced under pressure into medium and fine sands. <441 
'fhe emulsions that are used as soil injection materials are emul -
sions of bitumen and water. The use of bitumen emulsions for this 
purpose is a more recent deYelopment than the use of cement suspen-
sions and chemical solutions. 'fhe emulsions can be pumped into sands 
of medium grain size. They act primarily as waterproofers for the 
soi l into which the~' are injected. 
32. Practical Applica,tions 
Before deciding which t~·pe oE injection material should be used 
in a given case and ho\Y it should be injected, field inYestigation of 
the site must be made. 'l'h e choice of the type of material "·ill depend 
largely on the sil\e of the openings into which it must penetrate. 
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Cement suspensions can be pumped iHto cracks as small as 0.1 mm in 
width and into sands haviug an effective grain size on the order of 
0.8 mm. 'l'he chemical solutions can be pumped into sands having an 
effectiYe grain size as small as 0.03 mm . The effective grain size of 
sands into which th e emulsions can be pumped is about the same as 
for the chemical solutions. None of the inj ection materials can be 
forced into silts or clays except in cases where these soils are dried out 
and fissured. Injections can be made into fissured silts and clays, but 
the inj ection material penetrates only into the fissure and i1ot into 
the soil itself and has little or no benefi cial effect. 
All th e materials used for injection into soil or rock are pumped 
into th e ground with pressure pumps. Information must be obtained 
as to the permeability of the soil in order that approximate pumping 
capacities and pressures can be determined. 'l'he permeability of the 
soil al so determines th e spacing of the injection pipes, because the 
material pumped through any one pipe must penetrate into the soil 
a sufficient distance to meet the material pumped through all adjacent 
pipes. 'l'his is especiall y important in the case of a dam on a sand 
foundation wher e the injections are intended to form a curtain wall 
below the dam to pre\·ent nnderseepage. Unless the curtain wall is 
100-per cent complete, th e inj ections will be a waste of time and money. 
Wher e fi ssured rock is to be sealed by injection methods, it is nec-
essary 1 ) to determine the nature and extent of the fissuring and 
2 ) to knO\r whether the fi ssures are open or whether they are fi lled 
with soil that would ha\·e to be washed out before the injection ma-
terial could be forced in. 'l'he spacing of the inj ection pipes is con-
trolled largely by the nature of th e fissurin g, and the pipes must 
be so arran ged and spaced that the inj ection material will fill all the 
fi ssures. 
'l'he pumping pressures r equired in the various injection methods 
are often quite high; pressures as great as 100 p. s. i . and more are 
sometimes used . 'l'his pressure amounts to 7.2 tons per sq ft . The 
possible effects of such high pressures must not be overlooked. lligh-
pressure inj ection operations being carried out in the vicinity of exist-
ing structures can cause physical damage such as the lif ting of 
building-s a nd streets and th e collapsing of sewer s and tunnels. 
Pressure-injection work is usually sl ow and expensiYe. It r equires 
special technique an cl eqn i pment a ncl should be und ertaken only by 
specialists. 
BIBLIOGRAPHY 
1-1-0 ll.LIXOIS EXC:IXEERIX(; EXl'I·:Iu~rnxT STA'f !OX 
I. I :\'TIWDl'C'l'IOX 
~. Pre/i111i11ary I11 rr•s/iyal i o11s 
( 1) ''Exploration of Soil Conditions and Sampling Operations'' - [[. A. 
.\fohr, Bulldin '.:6!!, Graduate School of Engin ee ring, Jl:11Ta rd Uni1·e rs ity, HJ40. 
(:? ) ''f-lulJsurfaec J·:xp lorati on !Jy Earth R cs isti1·ity and Seismic .\[eth· 
ocls" - E. R. Shepard, l'ulilie Roads, .Ju11<' l!l 3:), Yol. Hi , :\o. -1, p .. )/. 
(3 ) "1'1·css111·e Di stri lJt1ti on U ndpr Bases and Stabi lity of Founda · 
tions'' - Oscar l•':i ber, The Strnctural Eng·incer (London ), ~farch Hl33, p. 1 Hi. 
( -1 ) ''A l'r:i et ie n I .\Jet hod for the Selection of }'oundat ion s BasL•d on 
F11nda111cnt:il HesL'areh in Soil .\fec han ics" - \\' . N. Jlousel, Engineering Hesc:Hch 
Bulletin 13, Uni1·crsity of .\lichigan, Hl20. 
I \T. CAISSON OH PIGH F'OUi\'DATIONS 
:;. Open 8.rcarnlio11 
(:i ) "Chicago 01wn Well .\frthod," C'i1·il Engineering, Jan. 19·JJ , Yo!. l, 
Xo. -1, p. 307. 
( 6 ) '' J ctted ·Cnsing .\1 et hod En1ploycd for (':1 isso n J•:xca1·:·1tion,'' Engi -
neering News-Record, Jan. 28, 1D;{2 , Yol. 108, Xo. +, p. 13.). 
7. Excavation by Jfachin es 
(7 ) "Bo1·ing Yraehine Digs \\' ells for ( 'on.-1·l'tc Pi ers, '' J·: ngincc ring 
News-Record, .July 28, ]!)32, Yol. 109, N'o. ±, p. 10.). 
(8 ) "Hotating :Foundation Caissons Drill '!'he ir \Vay to Rock," Engi · 
neering News-Record, J 'uly 11, Hl3.), Yol. 11.'), Xo. 2, p. 37. 
(9 ) "Sinking Caissons in Debris ~'ill," Engineering X ews-Record, XoY. 
4, 1937, Yol. 119, Xo. l!l, p. 7-1:3. 
( 10 ) '' C'lay Augers S ink Foundation \Velis,'' Engineering Xcws-Hecord, 
Oct. 12, 103!l, Vol. 1:?3, Ko. l:'i, p. 473, a nd Dec. 12, l!l3!), Yol. 123, Xo. 2.), p. 812. 
13. H orizontal Forces and Batt er Piles 
( 11 ) ''The 'l'heory of Lateral Bearing Capacity of Piles''- Paul E. 
l~aes, Proeeeclings, lfan·a rd Conference on Soil .\fer hani cs and Foun<lation Engi · 
n cering, 1!136, Vol. I, p. 166, and Vol. III, p. 138. 
(l2 ) "Lateral Pile Loading 'l'ests"- L. B. Feagin, Trans. A.S.C.E., 
1937, Vol. 102, p. 2i) :). 
(l3 ) "Lateral Pile Loading 'rests"- L. B. Feagin, Trans. A.S.C.'E., 
1037, Vol. 102, p. 272. 
( 1-1 ) "Design of Pile Poundations"- C. P. Yetter, Trans. A.8.C.E., 
1030, Yol. 10-1, p. 7.38. 
H. Uplift R rsistanr·e 
( 1:) ) "Concrete Piles Tested for l'plift a nd Bea1·ing," Engineering 
Xl·ws-Record, .July 28, ]!)32, Y ol. 100, Xo. 4, ll. 10+. 
(IG ) " ll olding· DOlrn Power of Concrete Piles"- .Tohn H. Gregory, Ci1·iJ 
Engineering, Peb. l!l33, Yol. 3, Xo. 2, p. 66. 
l.'i. Stability ancl Bucklin.r; 
(17 ) "The Stahility of ]foundation Piles Against Bnckling Under Axial 
Load" - A. E. Cummings, Proceedings of the Hi ghway Research Board, \"ol. 
XYJ TI, Pn rt JI, Dec. J!l:~8, p. 112. 
16. Pile-Dri1·in.fJ For11111las 
(JS) "Dynamic· l'ilc Dri1·ing l~or lllul as" - A. E. Cun1rnings, .Journal of 
t he Boston Society of Ci1·il Engineers, \"ol. XX\"IT, Xo. 1, Jan. Hl-10. 
( HJ ) "Pi ll' ~'oundations and l'ik Strnrtur(•s,'' Alli. So<-. ('. I·: . ~fan11:1I 
'27, .Jan. 18, 19±G. 
C' IR C'. 60. 1.Ef"l'u lll<: S OX FOUXDATIOX EX(iIXEERIXG 
VJ. tlTREss D1 sTHlllt 'Tt0x BELOW FouN DATION s 
J 7. Pressure in Plan e of Con/a.cl 
Hl 
( 20 ) "P ressure Distribution Under Bases and Stability of Founda-
tions'' - Oscar Faber, The Strnctural Engineer ( London ) , ~f a rch Hl33, p. 116. 
18. Stresses in t/1 c Subsoil 
( :?l) "Applicntion ell's l'otenti<'ls"- .J. Boussinesq, Paris, 188.i. 
(2:? ) "1'1·essures Under Substructures" - John JT. Griffith, Engineer· 
ing and Co ntra cti ng, March J!l:?9, p. ll3. 
( :?:l ) "llrnln·erdeeli ng in Douwgrond " - 0. K. J<'roelilich, De Tngenieur, 
April J.l , l!J32, p. B-ii:?. 
(2± ) ''Distribution of !';tresses Under a 1''oundation '' - A. E. Cum· 
mings, Trans. A .S.C.E., Yol. 101, 1936, p. 107:?. 
(:? :'i ) "Effect of Certain Disco nt inuiti es on the Pressure Distril.rntion in 
a Lo:ided Soil" - ~I. A. Biot, l'h ys iC's, Dec . 103.), Yo!. (i, p. 3G7. 
(:?fi ) "Foundation Stresses in an l •~ l:i st il' Nolid with a Higid Underlying 
Boundary" - A. E. C11lllmi11gs, Cil'i l Engineering, ::\01-. Hl-ll, Yol. Jl, ::\o. 11, 
p. 666. 
( 27 ) '''l'he Th eory of Stresses a nd Displacelllcnts in Layered Systc111s'' -
n. ?II. Burmister, Proc. Highway Research Hoard, l!l-l:l, Yol. ~3, p. 1~6. 
( ~8 ) "Stress lli st ri bution in So i Is " - X. .\f. X ew 111a rk, J>ror. l'u rclu e 
Co11frrenee on Soil ~[e f' hanics and Its Applications, Hl-10, p. ~!J.i. 
( 20 ) "Sin1plified Computation of Vertical Pressures in l~ la st i c Fonnda· 
tions'' - X . .\f. ]\" ewlll:11·k, Circular 2-1, Engineering Experilllcnt Ntation, Un i1·e r · 
s ity of Illino is, l!l3.'i. 
( ;{0 ) "Tn flue nee Cha rts for Computation of Stresses in ~:la s tic Founda· 
tions'' - X. :rvr. N cw mark, Bullptin 338, Engineering Experilllent S tation. Un i-
l'ersity of Illinois, l!l+2. 
YJT. TnEOHY OF Cossm.IDAT1oxs 
10. Th eoretical Calc11latio11s 
(:H ) ''Erdbau mec hanik' ' - Karl Te1·zaghi, Deuticke, Yi enna, l!J2.). 
( 32 ) '' Th eo1·ie der Betzung Yon Tonschichten '' - 'l'erzaghi and Yroeh · 
li r h, Deuticke, \"ienna , Hl36. 
( 33 ) "Theoretical Soil .\fechnnics" - Karl Tcrzaghi, John Wiley & 
Sons, Xew York, 19±3. 
vrrr. PIHN ClPAJ~ C'Al"SES m' SE'l"l'LE;\IE.\''I' OF STHUC'l'l' RI::S 
(3± ) "The Failure nnd Highting of a Million Bushel Gmin Elc1·ator" -
Alexander Allnil'e, Trans. A.S.C.E., Vol. LXXX, 1916, p. 799. 
( 3.'i ) "Soil .\Iechan ics: A New Chapter in Enginee ring Science " - K arl 
Terzaghi, Journal of the Tnstitution of Cil' il Engineers, London, 1030, p. 133. 
( 36 ) ''Settlement of the Soil Surface Around the l!'oundation Pit Dur-
ing the Construction of the L ocks at Yreeswijk Hesulting from the Sinking of 
Ground \\Tater'' - \V. 11. Brinkhorst, Proeeedings, International Confere nce on 
Soil ~fec l1ani c s and Foundation Engineering, Harl'ard Unh·e rsity, 1936, Yol. J. 
p. J l:). 
( 37 ) "Prol'eedings, International C'o n fcrenc-c on Soi l ~fe<· hani l's and 
l·'ou11da tion l·: ngineering," Han·ar<l l ' nin•rsity, 1031i, Vol. II, p. ~.)(i. 
( :l8 ) ''Settlements Due to Sub way Construction in C'lay'' - H. S. Knapp, 
Proceedings, Purdue ('onferenec on So il .\fccha nics and lts Applil'ations, Sept. 
I !)-10, JJ. ilJ :2. 
142 JLLDIOIS ENGI NEERING EXPE RIMENT STATIO:>< 
X. SHORING AND UNDERPINNING 
:2 .). Types of S ho1·ing 
lfl3 l. ( 39 ) "Underpinning"- Prentis and White, Col umbia University Press, 
(40) "Underpinning Beats S ubway Threat to .Famous Chicago Build-
ing'' - Seth Gooder, Engineering News-Record, Vol. 125, Sept. 26, 1940, p. 423. 
XI. SHEET PILES AND COJ<'FERDAMS 
30. Cofferdams in Wat er 
1940. 
( 41) "Cofferdams" - White and P rentis, Columbi a University Press, 
XII. SOIL INJECTIONS 
31. Types of I njections 
( 42 ) "Grouting Checks Foundation Vibration," Engineering News-Rec-
ord , Oct. 22, 1942, Vol. 129, No. 17, p . ;) t_il. 
( 43) ''Unusual Cutoff Problems - Dams of the Tenn essee Valley Author-
ity," A Symposium, Trans. A .S .C.E., 1945, Vol. llO, p. 947. 
( 44 ) "Grouting with Chemica ls " - Joseph D. Lewin, Engineering News-
R.ecord, Aug. 17, 1939, Vol. 123, No. 7, p. 221. 
ILLINOIS ENG INEERING EXPERIMENT STATION P u BI ,ICATIONs 
AYAILABLE TrrAT BEAR U PON FouKDAT!ON ENGINEERING 
Books 
History of the Development of Building Co11struction in G11icago, by Frank A. 
NO. 
Randall. 1949. A publication of the University of Illinois Press ; sponsored 
jointly by the Engineering Experiment Station and the Graduate College. 
388 pages. Price: cloth, five dollars; paper, fom· dollars. 
Bitlletins 
338. Influence Charts for Computation of Stresses in E lastic Foundations, by 
N . M. Newmark. 1942. Fift een cent s. 
367. Influence Charts for Computation of Vertical Displ acements in Elastic Foun-
dations, by N . M. Newmark. 1947. Twenty cent s. 
373. History of Building Foundations in Chica go, by R.. B. Peck. 1948. Thirty 
cents. 
Circulars 
:so. 
24. Simplified Computation of Vertical Pressures in Elastic Foundations, by N. 
M. Newmark. 1935. Fifteen cents. 
55 . Contributions to Proceedings of the Second In te rnational Confe rence on Soil 
Mecha nics and Foundation Engineering. J 940. Free upon rPquest. 
R eprints 
NO. 
34. Progress R.eport of the Joint Invest igation of ~feth ods of R.oadbed Stabiliza-
tion, by R.. B . P eck. 1946. Fifteen cents. 
38. Second Progress R.eport of the Invest igation of Methods of Roadbed Stabili-
zation, by R. Smith, R. B. Peck, and T . I-I. Thorn bum. 1947. Fifteen cents. 
40. Third Progress Report of the Investigation of Methods of Roadbed Stabili-
zation, by R. Smith. 1948. Fifteen cents. 
42. First Progress R eport of a Labora tory Investiga tion of R.oadbed Stabiliza-
tion, by R.. B. P eck. J 9-!9. Free i1pon rrquest. 

